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ABSTRACT 
Binderless ultra–tough titanium carbonitride (TiCN) was successfully consolidated by 
spark plasma sintering. The impact of blending and milling parameters on the formation of 
titanium carbonitride from milled titanium nitride, graphite and multiwalled carbon 
nanotube (MWCNTs) admixture were investigated. The effect of wet milling and dry 
milling on the phases and morphology of the developed composites were also studied. The 
morphology, microstructure and the chemical composition of as – received powders, ad-
milled powders and the sintered compact were characterized by using energy dispersive X-
ray spectroscopy (EDS), X-ray diffractometer, and scanning electron microscopy 
respectively. The varying compositions of the ad-milled powders were sintered at 100 
oC/min (heating rate), 10 mins (holding time), 50 MPa sintering pressure and 2000 oC 
(sintering temperature). Vickers hardness test, fracture toughness and modulus of elasticity 
were carried out on the sintered sample to evaluate the mechanical properties. The sintered 
TiN-based composites were completely formed without cracks, however with very fewer 
pores, an indication of a good metallurgical bonding quality achieved at the composite grain 
boundary interface. The structure of the grains has completely transformed to bimodal 
grains within the composites at 1 wt.% graphite in TiN for 40 h of milling, and subsequent 
composites developed was based on the result obtained at 1 wt.% graphite in TiN for 24 
and 40 h of milling at different compositions. Much increment was observed in 
microindentation hardness and fracture toughness values of the sintered compact  as the 
percentage graphite increased. The results show that grain size of the sintered sample 
decreases as the percentage composition of graphite/MWCNTs particles and milling time 
increases. Based on the results of the analysis, it was concluded that the incorporation of 
graphite/MWCNTs enhances the microstructures which ultimately are crucial to the 
mechanical behaviour of the sintered compacts.  
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CHAPTER ONE 
1.0 INTRODUCTION 
1.1 MOTIVATION 
Researchers all over the globe at various international gatherings have acknowledged improvement 
in engineering materials’ properties as one of the greatest unrelenting problem confronting 
worldwide technological development and growth. Researchers and engineers at various industries 
are wary for new materials and enhanced procedures to apply in emerging new discoveries; in this 
manner sustaining competitive edge and still expanding the net profits (Obadele, 2014). Different 
industrial/technological applications of any engineering component in any punitive environments 
depend solely on the improvement of material safe and dependable working conditions. For 
instance, the brittleness and wear nature of materials in high speed cutting tools environment, the 
extreme harsh environmental conditions in space, the high temperature in thermal energy station 
and stability present the technical problem from proceeding on these identified technologies 
(Farag, 2008) 
The requests for quality control measure on each part of materials to be utilized in numerous 
overwhelming designing division are exceptionally stringent and are basic to their protection and 
proficient use (Cui et al., 2003). Mechanical properties such as brittleness, toughness, hardness 
and modulus of elasticity as well as tribological and corrosion performance of materials are crucial 
(Cui et al., 2003) in the ongoing advancement in the world of science, engineering and technology. 
Due to some physical, chemical and mechanical behaviors of some ceramic and as well as the 
electrical properties of most metals, titanium nitride/carbide has a broad application in some 
environments.  
The two identified materials (i.e. TiN, TiC) have high melting temperature of more than 3000 oC, 
high hardness, low density and low coefficient of friction when compared with metals. These 
ceramics have been broadly utilized in wear-resistance and super-hard high-speed cutting tools 
industries. Besides, different attributes of TiN, TiC and TiCN such as excellent thermal 
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conductivity, low neutron absorption cross section and high electrical conductivity have pulled in 
many research works for utilizing the materials in high demanding applications like high speed 
cuttings, aerospace industries, car engines and in some defense/military sector. Notwithstanding, 
these applications have been constrained considering the exertion of production process, poor 
fracture toughness and low sinter ability of TiN, TiC and the TiCN. Due to its high melting point, 
low coefficient of diffusion and solid covalent bond, it is usually hard for monolithic TiN and TiC 
to consolidate as a single material through a conventional sintering technique. The process of 
fabrication of these ceramics must be done under a very high and extreme sintering temperature in 
other to promote or enhanced densification. For example, TiN and TiC ceramics should attain 
proper densification when metallic or ceramic sinter additives are added to it in aggregate 
proportions. Some research findings have reported on the dispersion of ceramics reinforcements 
such as TiB2, SiC, and B2C into matrix of TiN (Namini et al., 2018). For example, reinforcing 
titanium carbonitride (TiC0.9N0.1) with graphite can ultimately improve the phase evolution and 
mechanical properties of the sintered composites (Akinribide et al., 2019).  
In any case there have been little or no revealed investigations on the wear properties of titanium 
nitride reinforced with graphite and multiwalled carbon nanotubes composite. The TiN matrix as 
typical ceramic materials, has some phenomenal properties such as, good resistance to wear and 
corrosion, high level of fracture toughness and strength, excellent adhesive strength for metallic 
surface coating and good biomedical applications. TiN-graphite and TiN-Graphite-MWCNTs 
have not been reported in the literatures, particularly the ultra-tough, corrosion, wear and 
tribological properties under various conditions. 
Furthermore, improvement in the development of titanium nitride-graphite and titanium nitride-
graphite-MWCNTs composites will likewise contribute to the ultra-tough properties of the 
developed composites to be applied in wear and corrosion conditions. Investigating the likelihood 
of strengthening and toughening titanium nitride reinforced by graphite and MWCNTs can 
considerably upgrade the wear behavior of titanium alloys. Graphite and MWCNTs have good 
wear, self-lubricating and mechanical properties that would help shaped a dense microstructure 
and solid adhesion with titanium nitride matrix. The present investigation aims at understanding 
the impact of graphite and multiwalled carbon nanotubes add itions on the microstructures, 
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densification, phase analysis and grain size of titanium nitride-graphite and titanium-graphite -
MWCNTs composites. 
1.2 BACKGROUND OF THE RESEARCH 
Generally, materials used in engineering applications are sub-divided or grouped into different 
fundamental classifications; ferrous metals and non-ferrous metals, composite alloys, ceramics 
/and glasses and polymers. Among these classes, metals and their composite alloys just as 
polymers are broadly utilized as reinforcing or structural materials. Besides, ceramics materials 
have drawn in some significant consideration in the field of materials science in the recent years 
(Marlo and milma, 2000), (Pierson, 2012), (Qiao etal., 2013), (Lengauer,1998) and (Szikora,1998). 
Ceramic have high values of hardness, higher melting points, maintenance of strength at high 
temperature, good compressive strength, high oxidation and resistance to corrosion, high elastic 
modulus, high wear and resistance to abrasion and reasonable level of refractoriness compared to 
metals and polymers. The level of development in materials innovation has empowered ceramicists 
to begin the design and application of basic ceramic materials for different field of engineering 
practices like aviation industries, automobile and defense. Considering the essential material 
classes, contingent materials are being established, which join the valuable properties of (metals, 
ceramic, and polymers to achieved unrivaled combination of property known as composites. 
Contingent upon the major proximity of (metal, ceramics, and polymer as matrix materials, the 
composites are referred to as metal matrix composites (MMC), ceramic matrix composites (CMC) 
and polymer matrix composites (PMC), separately. 
The meaning of “ceramic’' is gotten from the Greek word "KERAMIKOS", which means potter's 
earth. Ceramics can be regarded as high temperature, organic and inorganic materials with good 
refractoriness. Ceramics are generally regarded as oxides like alumina (Al2O3), zirconia (ZrO2) etc 
and non- oxides ceramic materials like silicon carbide, titanium diboride, titanium nitride etc. 
Special intermetallic compounds like arsenides, antimonides, phosphides and the aluminides are 
as well be referred to as ceramics materials. Based on the specific areas of applications, ceramics 
can also belong to two major categories known as the traditional and advanced ceramics materials 
(Ezis et al., 1998), (Gupta, 2013) and (Gupta, 2012).  
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The type of ceramics derived from naturally occurring materials are known as the traditional 
ceramics; examples of such ceramics are sand, clay, quartz and so on. This type of ceramic finds 
its usefulness in glassware, granite and earthware.  The recent progress achieved in advance 
materials innovation has empowered researchers and the engineers to structure and construct 
ceramic matrix for applications in the fields, for example, aviation, military sector, automobile 
industry and electronic industry. High technology ceramic materials can be produced through the 
materials – property relationship which is mainly dependent on the composition as well as the 
microstructural integrity of the materials in other to obtain the required properties through the 
principle of science and technology. These kind of ceramics are usually made from carbide. ( 
silicon carbide, titanium carbide), oxides like alumina and nitride as in silicon nitrides (Si3N4), and 
titanium nitrides (TiN) are utilized in particular applications as high speed cutting tools, abrasives, 
electronic tools, high temperature superconductors, automotive industries (Ezis et al., 1998).  
Based on the recent advancement in ceramic technology, over 50 percent increase in some 
mechanical properties like yield and ultimate tensile strength is now obtainable, this is far better 
than the traditional ceramic technology. Engineering ceramic production process are intended to 
modify the material property (control on synthesis and microstructure) with an intention of 
accomplish the required property condition. A very good ceramic materials with optimum 
properties can be used for structural applications is subjected to mechanical loading (Andrievski, 
1997).  
A densely packed and structured ceramic materials applied at elevated temperature above 3000 oC 
are generally regarded as the Ultra-high temperature ceramic composite (UHTCs). Group III to 
group XII transition elements in the periodic table contains carbides, nitrides and borides of 
transition element which belong to non-oxides ultra-high temperature ceramic. Metal borides, 
carbides and nitrides are significant instances of typical non-oxide UHTCs, which are of great 
attention for diverse high temperature practices. The transition borides is one of the basic ceramics 
that are likely used as ceramic materials for some tribological and high temperature applications, 
due to their low thermal expansion, high melting temperature (~ 3000 °C), high elastic modulus 
(~ 500 GPa), good abrasion area, wear, creep and resistance to corrosion, significant chemical 
stability, high hardness (> 20 GPa) with metal-like that has a high thermal conductivity of (60-120 
W/mK) and electrical conductivity (~ 107 S/m) (Rafaja et al., 2012) and (Akinribide et al., 2019). 
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The highest modulus of elasticity observed in titanium nitride ceramic materials makes it a good 
candidate materials with strength to withstand contact damage. From all these symbolic properties, 
we can affirm that titanium nitride is a potential materials for different innovative applications, as 
high-speed cutting tools, hypersonic aviation vehicles, automobile industries etc. Nonetheless, in 
spite of these auspicious properties the more extensive application of monolithic nitride of titanium 
are impartially constrained because of high costs of machining at very little/low fracture toughness, 
poor sinterability, bad resistance to thermal shock, and extremely high growth of grains at elevated 
temperature (Kuwahara et al., 2001). A typical high temperature intermetallic, for example, 
transition metals like silicides (MoSi2, TiSi2, and Ti5Si3) have likewise drawn the attention of most 
researchers in the field of UHTCs for use at  temperature above 1000 °C because of their high 
melting point, low density and improved resistance to oxidation high temperatures (Murthy et al., 
2006). 
Most of the engineering ceramics are often subjected to high temperature conditions.  In this 
manner, it is extremely important to evaluate the stability of this ceramics at high-temperature, 
particularly the oxidation properties of the ceramics as this is a significant property to be discussed 
(Akinribide et al., 2019), (Zhang et al., 2016), (Khumtong and Sakdanuphab, 2015) and (Saikia 
and Kakati, 2013). It could be infer that, ceramics such as zirconia diboride, titanium nitride, 
titanium carbide and titanium diboride can be utilized in high temperature environment unlike 
other ceramic materials like borides, which is applicable in high hardness with low density 
applications.  
Throughout the years, it has been understood that an ideal mixture of high toughness and 
environmental stability alongside high hardness and ultimate tensile strength is required for most 
of the present nitrides. Nevertheless, a single crystal of nitrides is not ideal for every application. 
In this way, composites of ceramics are investigated to produce some intricate shaped components. 
The significant classes of this ceramic composites could be in form of whisker, fibre and particle 
reinforced composites. Among these classes of ceramic composite, the particle reinforced 
composites give the best reinforcement to composite which offer the most financially stable and 
cheap to develop materials with improved and ideal mixture of mechanical properties. A few 
refractory intermetallic compounds such as Ni3Al, MoSi2, Ni3Al, FeAl, and Ti5Si3 can be utilized 
as alternatives for composites/ceramics utilized for high temperature applications at 1000 °C. 
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Additionally, this mixture of compounds are lower in density, which diminishes the net weight of 
the part. A great deal of work has been reported on MoSi2 with few examinations on titanium 
silicides, which have much lower densities than molybdenum disilicate (Kwiecinka and Peterson, 
2004), (Murthy et al., 2006). 
Based on the discussion above, obviously nitrides are utilized for high temperature applications. 
Their properties explicitly rely upon the microstructure, which is controlled through the choice of 
as-received powders and the conditions of sintering. This discussion in this chapter mirrors that 
broad research has been invested into the utilization of optimized additives used for sintering and 
sintering environmental conditions to improve the sinterability and mechanical properties of 
monolithic nitrides. Concerning the sintering route, a few sintering production routes like hot 
pressing, hot isostatic pressing, microwave sintering, pressure and pressureless assisted sintering, 
and spark plasma sintering are renowned to be utilized for densification of nitrides, It has been 
talked about, how high temperature ceramic products are petulant to the microstructural phase 
and/or additive substance for sintering. The property prerequisites for a useful and long service 
life of high-speed cutting tools are examined, among which is the drill bits proficiency which is 
one of the significant factors in cutting tools materials for shaping. In this section proper discussion 
is being made on how ceramic are designed as a typical drill bits and other cutting tools. An 
evaluated structure with a reasonable plan can assist one with achieving better cutting tools 
properties. This section is  finalized with the list of some unresolved issues just as future point of 
view for the improvement of nitrides as high temperature ceramics and high-speed cutting tools. 
1.3 RESEARCH PROBLEM 
The development of ceramic matrix composites using spark plasma sintering as a modern 
consolidation technique present a noteworthy practical task and remains to a great extent a notable 
areas of research attention. One of the primary goals of powder consolidation through a spark 
plasma sintering processing technique involves suitable integration of ceramic / metal powders of 
choice into the metal or ceramic matrix. A remarkable and basic step along this line is the suitable 
milling of the ceramic powders earlier before compacting the powder into solid composites. 
Whenever at least two powders are combined to deliver a feedstock for spark plasma sintering, a 
blend of phases and properties could be gotten. The powders bonding with the plasma wall could 
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result in development of undesirable phases which could be harmful to the parts/components being 
developed. After choice of suitable powder classification, blending of the powders are done to 
produce the admixed feedstock powder. Unsuitable blending parameters of  the different powders 
may prompt inhomogeneity of the resulting feedstock powder (Obadele, 2014). Consequently, the 
capacity to form well dispersed and homogenized powders as feedstock for spark plasma sintering 
synthesized composites is critical. 
The pressure used during the compaction of powders before sintering possesses another area of 
challenge. The need for appropriate sintering parameters should be cautiously taken into 
consideration to deliver crack and porefree composite samples. Additionally, poor metallurgical 
interaction and adhesion between the ad milled powders offers another problem; it could be due to 
intermetallics which are unfavorable to the developed composites. Controlling the processing 
parameters during sintering can be utilized to deliver sintered composites with homogeneous 
particle size distribution alongside the infusion of undissolved particles and furthermore lead to 
the formation of intermetallic that are unfavorable to the performance of the sintered composites. 
Proferring solutions to the varying technical issues with developing a binderless TiCN with 
enhanced properties requires determination of the optimum parameters for the milled powder and 
spark plasma sintering processing parameters that would promote good densification, improved 
hardness and fracture toughness as well as enhanced tribological properties. 
1.4 RESEARCH QUESTIONS 
The following questions are the basic nubs that give the motivation for this project:  
❖ Why the decisions of titanium nitride alloys materials for high temperature applications in 
high speed cutting tool industries?  
❖ What are the major restrictions to the process of strengthening titanium nitride composites 
via dispersion strengthening mechanism?  
❖ How does suitable decision of process parameters determine the physical and mechanical 
properties of reinforced titanium nitride composites?  
❖ What are the potential reinforcements or result of various weight percent of Graphite/ 
MWCNTs on their diffusion in titanium nitride matrix composites and how might it be 
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done, what amount is required for titanium nitride alloy to improve its microstructure and 
mechanical properties of the CMCs? 
1.5 AIM AND OBJECTIVES 
The current research fundamentally aims to develop a binderless ultra – tough titanium 
carbonitride composite using TiN-matrix and graphite/MWCNTs as reinforcements and enhance 
the microstructure and mechanical property of TiN by means of spark plasma sintering with 
graphite and multiwalled carbon nanotube. The aim of this investigation would be valuable for the 
high-performance components for cutting tools industries and potential applications in aerospace 
and other manufacturing fields. The aim would be accomplished through the following 
accompanying objectives: 
❖ Synthesise and characterize titanium nitride (TiN), multiwalled carbon nanotube 
(MWCNTs) and graphite nano powders. 
❖ Examine the sintering behavior for obtaining a highly dense Nano-structural material of 
TiN with MWCNTs and Graphite by optimization using sintering parameters.  
❖ Examine microstructural interactions and phase change of the synthesized composites. 
❖ Analyse the mechanical properties of TiN-MWCNTs-Graphite in terms of fracture 
toughness and hardness on the sintered nanocomposites using Nano-indentation techniques 
❖ Study the mechanical and thermal characterization of sintered nanocomposite. 
1.6  Justification of the research  
A few research work/ studies have been reported generally on titanium nitride-based alloys, for 
example, TiN-TiC, TiC-WC-Cr3C3, Cp-TiN. Binderless nanostructured TiC; review on bulk 
nanoceramic, nanocomposites, and Ti (C, N)- based +N/(C+N), etc. Nevertheless, few or no 
research investigations have been found on MWCNTs/Graphite addition in titanium nitride matrix 
as reported by (Qiao et al., 2013). Furthermore, there is no literature available on binderless 
behaviour of the TiN-based composites (Akinribide et al., 2019). The excellent properties of 
titanium nitride matrix, such as the toughness, hardness, coating behaviors, has been investigated  
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1. Structure of the Thesis 
An overall overview to this research study, the motivation of the project, the project aims, and 
objectives are clearly displayed in Chapter One of this thesis. Chapter Two encompasses the 
literature review of the essential philosophies and published proceedings and ongoing work in 
relation to this research. A collection of five (5) articles from the investigation of this research 
work published or submitted to peer-reviewed reputable ISI journal is contained in Chapter 
Three. This chapter comprises of abstract of the articles demonstrating how they identify with 
each other and the replicate version of the articles as they are fully represented in the journals. 
The papers are consecutively masterminded to comprehensibly achieve the goals of the study. 
Article I presented a review on sintered titanium nitride and titanium carbonitride -based cermet. 
The paper describes TiN and TiCN-based composites as remarkable class of metallic alloys and 
Cermets showing outstanding combination of hardness, high temperature strength and surface 
stability in tribology, corrosive or oxidative environments. Therefore, this cermet plays an 
important role in cutting tools and other high-temperature applications. Nonetheless, the cermets 
suffer some setback in the toughness functionality, required in cutting tools especially at high 
temperatures. Many researchers have worked on enhancing the hardness and toughness behaviors 
of TiCN by using metallic binders to modify the toughness properties. 
Article II of this thesis give a succinct and well detailed reports on the mechano-chemical 
synthesis and characterization of Ti(C, N)-powder from TiN- MWCNTs / Graphite, with a clear 
view to provide pertinent information about the impact of blending and milling parameters on the 
formation of titanium carbonitride Ti(C, N) from titanium nitride (TiN), graphite and multiwalled 
carbon nanotube (MWCNT) of which the process of milling could be effectively accomplished. 
Article III reported  the microstructural and phase evolution of spark plasma sintering of 
graphitized Ti (C0. 9N0. 1) composites. The manuscript provides some salient information on the 
influence of graphite reinforcement on the grain size, the multiple phases involved and as well as 
the ultrafine graphite addition on the particle grain sizes, multiple phases and the ultrafine Ti (C0. 
9N0. 1) synthesized by the use of spark plasma sintering, from the result we observed that the 
presence of graphite in the matrix increase the porosity content at high weight percent in the 
sintered Ti (C0. 9N0. 1) cermet and invariably reduced the sinterability of the composite.  
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Article IV presents further investigation on the role of graphite addition on spark plasma sintered 
titanium nitride. Composites of titanium nitride reinforced with graphite were synthesized using 
spark plasma sintering at 2000 ℃. The effect of graphite addition on the microstructure, sintering 
parameters, relative density, and mechanical properties of TiN ceramics matrix were examined. 
The investigation was performed on TiN powder with varying graphite content for 8 h using an 
energy ball milling equipment.  
The effect of milling time on Particle size distribution, densification and Raman spectroscopy of 
spark plasma sintered Titanium nitride + Graphite composite is presented in Article V. The 
concept about the mode of dispersion of the constituent materials inside the milling vial was 
discussed to assist the conception of the milling process, thus exposed fundamental information 
about enhancing the milling optimizing parameters and give concise decisions on processing 
parameters. 
Complete research publication on titanium nitride matrix composite strengthened with graphite 
and multi-walled carbon nanotubes were carried out by spark plasma sintering. Different 
percentage compositions of each reinforcement was homogeneously dispersed into the matrix of 
Titanium nitride by high energy ball processing equipment and ball milling containing solution. 
The effect of energy introduced to the milled powder within the process of dispersion was 
quantified and proper optimization was performed to improve the dispersion techniques used in 
dispersing multiwalled carbon nanotubes and graphite in the TiN matrix framework. The 
dispersion processing parameters impact on the sp2 i.e C-C hybridization network in graphite and 
MWCNTs, resultant microstructures and mechanical properties of composites were investigated 
in the Article V of this research work; 
 
Article I: O.J. Akinribide, B.A. Obadele, S.O. Akinwamide,H. Bilal, O. O. Ajibola, M. 
Eizadjou, S.P. Ringer and P.A. Olubambi, 2019.Sintering of binderless TiN and 
TiCN-based cermet for toughness applications: Processing techniques and 
Mechanical properties; A review (Published in ceramic International 
https://doi.org/10.1016/j.ceramint.2019.07.191. 
 
Article II: O. J. Akinribide, B. A. Obadele, G. N. Mekgwe, O. O. Ajibola, S.O. Akinwamide, 
K. Nomoto, S.P. Ringer and P. A. Olubambi, 2019. Mechano-chemical synthesis 
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and characterization of Ti (C, N)-Powder from TiN- MWCNTs /Graphite, Journal 
of particulate science and technology. (Published) 
https://doi.org/10.1080/02726351.2019.1637625. 
 
Article III: Ojo Jeremiah Akinribide, Gadifele Nicolene Mekgwe, BabatundeAbiodun 
Obadele, Olawale Olarewaju Ajibola, Samuel Olukayode Akinwamide, Peter 
Apata Olubambi ,2019. Microstructural and phase evolution of spark plasma 
sintering of graphitized Ti (C0.9N0.1) composites, International Journal of Refractory 
Metals & Hard Materials 78 (2019) 164–169). Published. 
 https://doi.org/10.1016/j.ijrmhm.2018.09.013 
 
Article IV: O. J. Akinribide, B. A. Obadele, O. O. Ajibola, S.O. Akinwamide, K. Nomoto, M. 
Eizadjou, S.P. Ringer and P. A. Olubambi, 2019. The role of graphite addition on 
spark plasma sintered titanium nitride. Journals of Alloys and compounds (Under 
review). 
 
Article V: O. J. Akinribide, B. A. Obadele, O. O. Ajibola, S.O. Akinwamide, K. Nomoto, M. 
Eizadjou, S.P. Ringer and P. A. Olubambi, 2019. Microstructural analysis of TiN-
Graphite composites prepared by spark plasma sintering. (Submitted for 
publication in Materials and Design). 
 
Conf. paper: Ojo Jeremiah Akinribide, Gadifele Nicolene Mekgwe, Olawale Olarewaju 
Ajibola, Babatunde Abiodun Obadele, Samuel Olukayode Akinwamide, Peter 
Apata Olubambi. Studies on Mechanical properties of Graphite reinforced Ti (Cx, 
N1-x) using Nanoindentation techniques. Published in Procedia Manufacturing, 
volume 30, 2019, Pages 604-610. (https://creativecommons.org/licenses/by -nc-
nd/4.0/) 
 
Conf. paper: Ojo Jeremiah Akinribide, Gadifele Nicolene Mekgwe, Olawale Olarewaju 
Ajibola, Babatunde Abiodun Obadele, Samuel Olukayode Akinwamide, Eso 
Oluwasegun Falodun, Peter Apata Olubambi. Mechanical properties of ultrafine 
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graphite –Ti (C0.9, N0.1) solid solutions fabricated via spark plasma sintering.  
Published in Procedia Manufacturing, volume 30, 2019, Pages 411-418. 
(https://creativecommons.org/licenses/by-nc-nd/4.0/) 
 
The concluding remark documented from the experimental results of this investigation and 
recommended facts for imminent work are presented in Chapter Four of this thesis. This Chapter 
outlines and combines Papers I to IV and give contentions for the originality and commitment 
devoted to the investigation on current information about TiCN usefulness to powder metallurgy 
and spark plasma sintering of difficult to sinter ceramic materials. Finally, a thorough and concise 
list of all referenced materials is given in this thesis.  
A comprehensive lists of research paper published in international conferences are thereby 
presented under the appendix section of this thesis. 
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CHAPTER TWO 
ARTICLE ONE 
2.0 LITERATURE REVIEW 
2.1 SINTERING OF BINDERLESS TIN AND TICN-BASED CERMET 
FOR TOUGHNESS APPLICATIONS: PROCESSING TECHNIQUES 
AND MECHANICAL PROPERTIES; A REVIEW 
Ceramics International, https://doi.org/10.1016/j.ceramint.2019.07.191 
Abstract 
This paper presents a review on sintered titanium nitride and titanium carbonitride-based cermets. 
TiN and TiCN based composites are remarkable class of cermets showing outstanding 
combination of hardness, high temperature strength and surface stability in tribology, corrosive or 
oxidative environments. These cermets play important roles in cutting tools and other high-
temperature applications. Nonetheless, the cermets suffer some setback in toughness functionality 
required in cutting tools especially at high temperatures. Many researchers have worked on 
enhancing the hardness and toughness behaviours of TiCN using metallic binders to modify the 
toughness properties. The only achievement obtained was an improvement in high hardness with 
low toughness. This review is needed to evaluate the trends of achievement and development in 
the enhancement of optimum combination of hardness and toughness required in cutting tools 
applications. Additionally, it forecasts the essentiality of developing binderless phase TiCN with 
ultra-toughness that will significantly solve the deficiencies in high temperature application of 
TiCN as cutting tools. 
 
 Keywords: TiN; TiCN; Graphite; Sintering; Microstructure; Toughness. 
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2.1.1. Introduction 
Engineering materials with improved properties have been identified by researchers at various 
international gatherings as perhaps the most pressing issue facing global technological 
development [1]. Manufacturers and engineers are on guard for new materials and improved 
processes to use in developing better products, thus maintaining competitive edge and eventually 
increasing profit margin. Cermets based on titanium carbonitride (TiCN) attract the attention of 
researchers due to their high hardness at high temperature, thermal conductivity, chemical, thermal 
and wear resistances and low friction coefficient when compared to metallic materials [2]. They 
have been successfully applied to new developments in the field of cutting tools and surface 
finishing processes as compared to WC–Co hard metals, ensuring excellent chip size, tolerance 
control and dimensional accuracy of the work piece. 
Conventional materials are being replaced progressively by metal carbides and metal nitrides in 
numerous applications, particularly in ceramic application, high speed cutting tools, 
electrochemical devices, biomedical applications and ecological remediation. Likewise, a few 
imperative classes of materials such as composites have been consolidated with nanoparticles, 
transition metal carbides and nitrides to form an improved nanocomposite ceramic material. 
Recently, nanoparticles reinforced materials with various geometrical shapes and morphological 
structure have fascinated the desire of most research scholars due to their various interesting 
properties such as high toughness, low density, large surface area, good ionic and electrical 
conductivity and high thermal conductivity [3-8]. In the past, various production techniques have 
been used to synthesize metal carbides and nitrides, among these techniques, solid -state reaction 
methods have been considered as the most eco-friendly and economical methods. Another salient 
benefit of this methodology is that, the results of the synthesized composites are regularly 
crystalline [9]. The transition elements of these metal carbides and nitrides have unrivalled  
properties such as high resistance to wear and deformation [10, 11], high melting point [11] and 
good catalytic properties to some composites when compared to other un-alloyed oxides of metals 
[11, 12]. For instance, hafnium, zirconium, titanium and silicon carbides  have been utilized in 
various ceramic application because of its wear resistance and high melting points [13]. 
In high speed cutting tools application, many researchers have succeeded in working in the areas 
of improving the hardness and toughness properties of TiCN, but the only breakthrough recorded  
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was high hardness and low toughness with the use of metallic binders to improve the toughness 
properties. Due to some unavoidable limitations attributed to these metallic binders in various 
applications, titanium based alloys reinforced with metals as additive tend to fail continuously in 
any service conditions [14]. The pertinent question on “why ultra-toughness in cermet without 
metal binders” has been addressed in the work of Demirsyi et al. [15] and Huang et al. [16]. 
However, WC is not completely binderless in nature because of some inherent binder located at 
the tungsten phase. This drives us to tailor the review of this article on titanium nitride/titanium 
carbonitride without addition of binders. Titanium nitride/titanium carbonitride are chosen in this 
review because of the intrinsic relevance of titanium in high speed cutting tools and other alien 
application areas. 
2.1.2 Structural formation 
2.1.2.1 Titanium nitride (TiN) 
Conventionally, hard materials made from transition metal nitrides are generally useful for surface 
coating in cutting tool industries. Decrease in titanium dioxide ore, known as ‘rutile’, could lead 
to formation of titanium nitrides. 
2TiO2+N2+4C            2TiN+4CO     …Eqn 1 
2TiCl4+H2+2NH3              2TiN+8HCl     …Eqn 2 
Large homogenous form of mono nitride and nitrides such as sodium nitride (Na3N) are found 
with various stoichiometry. For instance, nitrogen atom in titanium nitride in the interstitial site 
can conveniently be substituted by carbon atom or the oxygen atom in TiN0.1 and TiN0.5 phases 
respectively, leading to individual atom (C, N, O) in titanium ad shown in Fig. 1. Titanium nitride 
are very stable at temperature less than 1300 ℃ as shown in Fig. 2. 
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Figure 1. Crystal structure of Titanium Nitride (TiN) [17] (This crystal structure of titanium 
nitride was designed using VESTA software) 
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Figure  1. Titanium Nitride (TiN) Phase diagram. Reproduced through approval of [18, 19] 
Several works have been reported on the oxidation of TiN powders, TiN films and the dense 
bodies. For instance, parabolic trend of curve was observed as temperature rises to 500 ℃ [20]. 
Riedel and Ralf [20] reported an increase in the mechanical properties and thermal/electrical 
conductivity of titanium nitride and titanium carbide when both are applied as a ceramic matrix in 
any composite. Titanium nitride according to waters et al. [21] is a ceramic material with melting 
temperature above 3000 ℃ and high hardness of 21 GPa compared with nitrides in group IV-B of 
the periodic table as presented in Table 1. 
Table 1. Various properties of nitrides (reproduced with approval of [18, 19]) and significant 
properties and values of their nitrides in periodic group. 
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2.1.2.2.     Titanium Carbonitride (TiCN) 
Carbon nitride of titanium known as TiCN, is well known as the most outstanding monoxide of 
ceramic materials because of its high hardness, high melting point, high thermal conductivity, 
chemical stability and high strength even at elevated temperature. TiCN is generally recognized as 
cutting tools materials of interest due to its wear resistance capabilities and in the fabrication of 
advanced engineering ceramic composites or refractory materials [22-24]. There is widespread 
particulate distribution in titanium carbonitride cermet which could either be as a result of carbon 
or nitrogen atom in the interstitial site. The octahedral lattice site is haphazardly taken over by 
carbon and nitrogen atoms.  
Unlike TiN and TiC, the cubic structural classification of TiCN is still face-center cubic which fall 
within the space group of fm-3m in crystallographic form [24-26]. The interstitial site placement 
of either carbon or nitrogen atoms in TiCN is quiet puzzling according to George Levi [27]. From 
Fig. 3, we may define the TiCN structure as absolutely disordered in structure. 
Some elements in periodic table 
groups 
           IV (B)     V (B)     VI (B)     III (A) IV (A) 
Ti  Zr  Hf   V  Nb Cr   Mo   B Al Si 
Elements Ti  Zr  Hf   V  Nb Cr   Mo   B Al Si 
Melting Point (K) 3220 3150 3130 2619 2846 2013 2223 3300 2523 2173 
Microhardness 
bulk sample (GPa) 
21 15 17 15 14 11 17 33 12 17 
Crystallographic 
structure 
FCC FCC Cubic FCC FCC HCP/
FCC 
Cubic
/HCP 
 HCP  
Dominant type of 
bond 
Metallic bonding                                                              Covalent bonding 
NB: FCC is face-centred cubic.   And HCP is hexagonal-close packed 
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Figure 2.  Crystal structure of the modelled TiCN. Reproduced with approval of [18, 19]. 
In order to ascertain the structure of TiCN, models of three different arrangement of atoms must 
be generated according to Wyckoff site principles, 4a (000) and 4b (1/21/21/2). This  is quite 
different from FCC crystal structure for pure TiN and TiC in which the Ti atoms take the position 
of 4a (000) and that of nitrogen and carbon atoms occupies 4b (1/21/21/2) Wyckoff position [26], 
this structural prearrangement can best be described as the first model (Model  A). We expect the 
complete solubility of TiN and TiC to form TiCN structure from the theory of phase diagram of 
TiN-TIC in Fig. 4 [19]. 
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Figure 4. Complex phase diagram for the formation (Ti–C–N) ternary system. Reproduced  
through approval of [18, 19] 
In this regard, the formation of TiCN could be substitution mechanism where nitrogen atoms take 
the position of carbon atoms [18], resulting in orderly titanium atoms arrangement while N and C 
atoms are disorderly. In this case, the second model (Model B) will follow 4a-(000)-Wyckoff 
position for pure Ti atom and 4b (1/21/21/2) position for N and C atoms. To compensate for 
vacancy in the second models generated, there is need to conserve the stoichiometry ratio of carbon 
and nitrogen atom in form of Ti (Cx, Ny) as x + y <1, the third model known as Mod el C was 
generated.  
2.1.3 Applications of TiN and TiCN 
Recently, researchers are studying the development of both titanium nitride and titanium 
carbonitride and their various application areas in engineering service conditions. TiCN and TiN 
are both ultra-high temperature ceramic (UHTC) composite materials and as such have been 
comprehensively utilized as ceramic materials in cutting tools industries, in semiconductor 
transistors for gate electrode, as coatings for wear resistance purpose in aggressive environment, 
as optic devices, crucibles in the refractory, low-barrier Schottky diode and as good element in the 
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furnace. Titanium carbonitride is replacing high carbon steel for machining because of its high 
strength at high temperature. TiCN because of its damage tolerance when undergoing shipping, 
can be used as facing brake discs, turning cold – extruded shaft, grooving of gear box lay shaft, 
facing on vertical lathe and jobbing machining in high speed tool industries [28-31]. 
2.1.4 Limitations and challenges of TiN and TiCN 
Titanium nitride and titanium carbonitride as members of ultra-high temperature ceramic/cermet 
materials are known for their stability in their stoichiometry coefficient range. For example, the 
ratio of titanium to carbon and nitrogen atom [32-34], (Ti: C: N) determines their significant 
properties [35-37]. However, from literature survey, it was reported that the synthesis of titanium 
carbide or nitride come in the form of single phase have proven difficult due to the stoichiometry 
ratio of Ti/C, N/Ti and C/N/Ti. The melting point of these composites depend solely on the 
stoichiometry arrangement of these elements [38-41]. There is possibility of controlling the 
following properties via the stoichiometry altering of properties like high thermal or electrical 
conductivity, good chemical inertness and stability, good corrosion and wear resistance. It is on 
record that these prevalent properties of TiN/TiCN has been utilized in crucibles for molten metals, 
as furnace refractory linings, cutting tools and hypersonic vehicles. Poor fracture toughness and 
insufficient oxidation resistance are some of the drawbacks of TiN/ TiCN in any application areas. 
Because of large porosity, solid covalent bonding, impurity at the oxide surface, and poor self-
diffusion coefficient arising from both the powder and the sintered compact of TiN and TiCN, it 
is very difficult to sinter a completely dense TiN ceramic/TiCN cermet respectively without 
additions of binders (either metallic or ceramic) at the reinforcing phase. Moreover, crucial factors 
like prolong time of sintering could also degenerate the growth of grains and increase the particle 
size. This indirectly could also reduce the properties and overall efficiency of the sintered product 
[42-47]. In any case, improving the synthesis route for producing TiN and TiCN composite is very 
crucial and properties like ultimate tensile strength, modulus of elasticity, fracture toughness and 
resistance to oxidation needs urgent research attention. Regardless of numerous properties of 
metallic binders added to TiN/TiCN composites to improve its properties in the literature, 
TiN/TiCN is still brittle, and this brittleness may reduce its utilization in some basic applications 
specifically in high speed cutting tools environment and aviation industries. 
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2.1.5 Processing Techniques 
The processing techniques for producing titanium nitrides and titanium carbonitride profoundly 
rely upon the behaviour and the inherent properties of the reinforcement and the major matrix 
itself. Some other relevant factors to be considered during the processing techniques are; particle 
size, surface areas covered, percentage purity of the materials and the microstructural integrity or 
the morphology of the components involved. All together they create an influence on the properties 
and the processing of the composites [34]. The overall properties of the TiN and TiCN composites 
can be modified during the milling and sintering processes, which are mostly controlled by 
designing the steps involved in the synthetic phases and the slope properties. Likewise, it is an 
imperative issue to investigate the processing techniques involved in the production of TiN/TiCN-
based ceramic materials thoroughly. Such investigation may give rise to a clear indulgent on the 
use of TiN/TiCN in many applications and prospective properties of the end products. Processing 
routes for TiN /TiCN are characterized on similar pattern used for TiC because they belong to the 
same ultra-high temperature ceramic groups. Several scholars have reported different processing 
routes for Ultra high temperature ceramic materials (UHTCMs). The processing routes available 
are laser cladding, ion beam analysis, explosive synthesis, reactive milling, and layers of atomic 
deposition method with combustion synthesis [48, 49] 
Another conventional method used for sintering ultra-high temperature ceramic/cermet materials 
through powder metallurgy technique are hot pressing (HP), hot iso-static pressing (HIP), self-
propagating high-temperature synthesis (SHS), spark plasma sintering (SPS), Pseudo heat iso-
static pressing (PHIP), Quasi iso–static press (QIP) and reaction induced spark plasma sintering 
(RISPS).  
TiCN-based cermet is a promising material for some modern applications, for example, semi-
finishing and finishing work [50, 51]. In any case, their lower wear resistance confines their further 
applications like in high speed cutting industries. Because of increase in the level of its hardness 
and lack of a flexible metallic binder phase contrasted with the whole cermet, a surface layer with 
much of carbides phase shaped in nitride environment could lead to an improved cutting processes, 
thus are alluded to as wear - resistance layers [52-54]. Ultra–high temperature cemented carbides 
are generally utilized in different applications, e.g., as instruments for cutting of metals, as well as 
drilling of rock, due to their intrinsic properties such as resistance to wear and high level of 
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hardness [55]. Ordinarily, cermet containing carbides fundamentally comprise titanium carbides, 
tungsten carbides and potentially titanium-tungsten carbide-based cermet or hard materials and 
has little amount of metallic binders such as nickel, cobalt, iron molybdenum and so on [55, 56]. 
The region that constitute the binding phase expedite the sintering procedure and builds the 
durability of the material. In this way, the more the binding phase the more is the hardness and 
which further results in decrease in the rate of corrosion and resistance to wear as well [56]. 
2.1.5.1 Factors contributing to an improved sintering kinetics of spark plasma sintering 
➢ Diffusion kinetics in spark plasma sintering is mainly enhanced by the utilization of 
mechanical pressure and the pores are easily removed, consequently enhancing the rate of 
sintering compared to other conventional sintering techniques. It is generally known that 
applied pressure has a way of improving the densification of any composites sample by 
plastic yielding [57]. 
➢ High current generation of approximately 20,000 A with heating rate observed in spark 
plasma sintering are due to high pulse source of power [58, 59]. Research has shown that 
achieving a significant densification of any sintered product in SPS needs some application 
of pulse direct current which is crucial for fast densification [60].  
➢ Considering the powder that are not conductive in nature, the SPS system need enough 
transfer of heat from the Joules dies or direct heating of the conductive powders. Recent 
investigation by Basu et al. [61] reveals that the production of nanocrystalline Al2O3 
composites from the as-received powders needs high level of heating rate for optimum 
densification. 
➢ Research has also shown that direct current pulse improves the percentage densification of 
titanium carbonitride. This direct pulse current is the most acceptable conditions for spark 
plasma sintering in order to achieve good densification compared to other conventional 
sintering.  
The pulse direct current is directly released on the graphite mould and this enables difficult 
materials to be sintered within short period of time at lower sintering temperature, compare with 
other sintering techniques [62, 63]. Spark plasma sintering have three major mechanisms of 
operation; (1) the sample and the heating resistance of the graphite dies, (2) the pulse voltage and 
(3) Uniaxial force or pressure applied. Wang et al [64] study the sintering of pure titanium 
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carbonitride by SPS [65]. Grazo et al. [58] also reported SPS of TiN nanostructured powders 
without binders [58, 66]. Several other conventional techniques of sintering have been utilized in 
sintering TiN powders by [67-70] and [67, 71]. 
2.1.6 Binderless 
The concept of binderless system in any ceramic or hard materials like titanium carbonitride 
(TiCN) and tungsten carbide (WC) are utilized in applications that requires high quality tensile 
strength, very high melting points above 3200 °C, and resistance to wear properties. Specifically, 
binderless of WC presents remarkable resistance to wear contrasted with titanium carbonitride and 
several others according to [72, 73]. The astounding resistance to wear in binderless carbide system 
make its useful and relevant in some manufacturing industries like high speed cutting tool, etc. 
[74, 75]. Binderless system in hard materials are ordinarily hard to sinter and it is difficult to 
produce any bulk samples through convention means, for example, hot pressing [1]. Because of 
the exceptional integration of some properties like toughness, moderate hardness and strength 
established during the production of cemented carbides, binders are specifically useful in cutting, 
mining and shaping tools, and high resistance parts to wear and deformation applications. On the 
other hand, there are two established phase that constitute cemented carbides. They are the hard 
phase which is otherwise known as the primary phase and the binding phase otherwise known as 
the ferrous metal or metallic binder phase. The binding phase could be significantly different when 
compared with carbide phase in terms of hardness, oxidation and corrosion attack. Furthermore, 
corrosion problems may start from the binding phase due to limitations of each binder used in any 
composites. Due to degradation of the binder phase in some corrosive environment, binderless 
carbides/cermet have progressively replaced the conventional cemented carbide in the industries. 
There are two distinct division of binderless; the first part is the high purity carbides like (Niobium, 
Titanium, Tungsten and Tantalum) carbides [56, 76, 77]; the second part of the binderless is the 
one that contain tungsten carbide phase and together with  metal carbide transition or the metal 
carbonitride transition phase of the binders. Examples of research work reported in these groups 
are WC-TiC [78], WC-TiC – TaC [79], WC-VC [80], WC (Ti, W) (C, N) [81] and WC-Mo2C [79, 
82, 83]. Among the binderless carbides, WC-MoxC binderless carbides have great combination 
property and higher performance rate [79, 84, 85]. Cardinal et al., [86] considered properties and 
structural behaviour of (TiC–TiN)-based cermets and their utilization in the high-speed tool 
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industries using hot isostatic pressing. The sintering effect on the transverse rupture strength, 
microhardness, relative density and fracture toughness was examined. The results obtained 
indicated that solid solutions of TiCN was achieved at sintering temperature of 1820 oC and 
pressure of 50 MPa. In addition, the fracture toughness decreased when compared to other 
sintering techniques. Critical examination on the influence of fracture toughness with some metal 
contents in Ti (C, N) was reported by Zhou et al. [87]. Fracture toughness of TiCN was shown to 
attain 20% and 25% with metal binders that fall within the 4-5 and 2-3 m respectively as shown 
in Fig. 5. Subsequently, the value begins to decline as the percentage metal binding phase 
increases. 
 
Figure 5. Relationship between fracture toughness and metal binding phase in titanium 
carbonitride Cermet. Zhou et al., [87] 
2.1.7 Previous research work on binderless titanium nitride and titanium carbonitride 
 subjected to sintering techniques  
In order to complement the old conventional carbide formation of cermet, binderless carbides have 
been created to substitute the conventional carbides. Due to non-inclusion of metallic binder in the 
cemented carbides, the binderless carbides show high level of fracture toughness, hardness and 
corrosion resistance compared to composites containing the metal binding phase(s) [79]. 
Interestingly, it is exceptionally hard to combine any materials containing tungsten carbides with 
titanium carbides by old conventional sintering techniques [88, 89]. Russias, Cardinal  and Yang  
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[86, 90, 91] in their research, described TiCN-based cermets as a broadly utilized cutting tools for 
semi-finished and finished materials, complementing hardened steels and carbon steels due to their 
exceptional properties such as high melting point, high resistance to wear and deformation as well 
as the thermal conductivities. Titanium carbonitride based cermet is capable of delivering an 
excellent tolerance control and enhance surface finish of any intricate part of machine and their 
feeding speed [92].  
For decades now, cutting tools performance in the industries depend mainly on the refractory metal 
carbides or the oxides of aluminium used for coating produced via physical and chemical vapor 
deposition (PVD/CVD) coating technology [93]. Ti (C, N), TiN and TiC as hard coating materials 
are deposited on the surface of the cemented carbides. Recently, these coating materials have been 
modified to complement some applications in the industries i.e wear resistance, high level of 
oxidation and low coefficient of friction, are very crucial in such application [94].  
Fig. 6 shows the different microstructural distribution of cemented carbides. These microstructures 
were mainly developed in materials for most wire drawing and tribological application. The 
additions of different reinforcement forms various grains structures as seen in Fig. 6. However, 
TiC inclusions have been proven positive in terms of improvement in the properties for high speed 
cutting tools operations. TiN or TiCN were later introduced in WC and TiC-MO2-Ni in other to 
enhance the properties for high speed cutting tools applications in industries [95]. 
 
Figure 6. Grain distribution of high temperature cermet and ceramic materials with or without 
binders [94]. 
Zhang et al. [96] worked on the densification mechanism of a binderless WC-MoxC, using Hot 
pressing sintering techniques and the overall experiment shows that tungsten atom was completely 
dispersed in the crystal lattice of MoxC, while the molybdenum atom diffused completely into the 
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crystal lattice of the tungsten carbide forming WC-6MoxC-0.47Cr3C2-0.28VC after pre-doping 
with 0.5%Cr3C2-0.3%VC. The densification mechanism was by bulk diffusion of tungsten and 
molybdenum in an unstable dimension. 
Kim et al. [97] reported on binderless performance of titanium carbonitride (TiC0.5N0.5), ball 
milled under different time and thereafter sintered with high frequency induction heated sintering 
techniques at 1170 oC. The crystallite structure of the ball milled powders was developed with 
huge improvement in the densification process. It was reported that the milling reduced the 
crystallite size of the powder from 241 nm to 9 nm for milling period of 10 h as shown in Fig. 7. 
The process of fast sintering kept the fine grains intact in the microstructure after sintering. The 
fracture toughness did not show any significant correlation coefficient with the determined 
crystallites and the relative density. The ball mill processing greatly refined the crystallite structure 
of TiCN powders and encouraged the subsequent densification process. 
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Figure 7. FESEM microstructures of different milling periods on Binderless TiCN for; (a) as 
received, (b) 1 h, (c) 4 h and (d) 10 h. [97]. 
The solidification temperature of TiCN powders decreased from 1170 °C to 820 °C after 10 h. The 
processing of 10 h diminished the crystallite size estimated at 231 nm to 9 nm. The quick 
combination of the high frequency induction heat sintering known as (HFIHS) [98] procedure 
retained the fine microstructure subsequent to sintering with fair mechanical properties as shown 
in Fig. 8. 
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Figure 8. FESEM microstructures of different milling periods on sintered Binderless TiCN for; 
(a) as received, (b) 1 h, (c) 4 h, and (d) 10 h. [97]. 
Graphite as a carbon-based material was used to reinforced Ti (C0.9, N0.1) without addition of 
any metallic binders. Prominent influence of graphite was observed in the particle size, the 
ultrafine phases within Ti (C0.9, N0.1) matrix, the morphology as well as the microstructures. 
There was a remarkable reduction in grain growth in the composites. The graphite content of the 
Ti (C0.9, N0.1) led to an increase in the microhardness and the relative density was improved as 
well [99]. The use of sintering techniques known as pulse current activated sintering aids (PCAS) 
on commercially available or as–received titanium nitride powder was successfully carried out 
through direct application of high energy ball milling without the application of metallic binders 
at different milling times. Subsequently, the effect of sintering on mechanical properties, crystallite 
size reduction and milling period was determined by PCAS. The results indicated that 99% 
densification was achieved after 4 mins of holding time. As the milling time proceeds to 40 h, the 
relative density was directly proportional to the micro hardness. 
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Figure 9. XRD patterns of titanium nitride powders subjected to different milling times without 
adding binders; (a) Cp-TiN, (b) TiN-1 h (c) TiN–4 h (d) TiN-10 h (e) TiN–40 h (reproduced with 
permission [100]). 
The microstructure of binderless titanium nitride particles were thoroughly refined by high energy 
ball milling HEBM technique as presented in Fig. 9. After some prolong milling periods of 40 h, 
the X-ray diffraction patterns display some large peaks broadening of TiN due to strain inducement 
and refinement of crystallite sizes which is obvious after 1 h of milling. The ball and the milling 
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pots used have the tendency of introducing some unwanted particle known as impurities due to 
frequent collision of balls to powder in the milling vial. Some peaks contrary to titanium nitride 
peaks were not selected. The X-ray diffraction patterns of the sintered titanium nitride for 0, 1, 4, 
10, and 40 h of milling are clearly presented in Fig. 10. Because of the grain growth d uring 
sintering, the broadening of titanium nitride peaks decreases after sintering. No new phases 
developed after sintering which is a good indication in the thermal stability of the sintered 
compacts. 
The scanning electron micrograph in Fig. 11 present some significant decrease in the size of 
particles as the milling time progresses. The final size of each particles was determined by adopting 
the formula propounded by Suryanarayana and Grant Norton’s as 56 nm, 21 nm,15 nm, and 10 nm 
after respective sections of prolong milling for 1 h, 4 h, 10 h and 40 h respectively. From the 
calculated size of each particle after milling, it was clearly observed that the particle size decreases 
as the milling time progresses which indirectly improve the rate of densification of the sintered 
products.   
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Figure 3.  XRD patterns of sintered titanium nitride subjected to different milling times without 
adding binders; (a) Cp-TiN, (b) TiN-1 h (c) TiN – 4 h (d) TiN-10 h (e) TiN – 40 h [100]. 
 
 
   
50 
 
 
 
Figure 11. Scanning electron microscopy of Titanium nitride powders with different milling 
times for (a) Cp-TiN, (b) TiN-1 h (c) TiN – 4 h (d) TiN-10 h (e) TiN – 40 h [100]. 
The scanning electron micrograph of the sintered compacts with polished surface are presented in 
Fig. 12. It could be seen that the volume of micro-pores in the sintered samples reduced due to 
prolong milling hours. It was critically observed that the average crystallographic size of the 
sintered compacts was significantly larger than the milled powder. The high grain boundary energy 
of titanium nitride resulted in the crystallite size to be in micron scale. The overall sintered density 
of the sintered samples was 93%, 96%, 98% and 93% base on the milling time of 0, 1, 4, 10, and 
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40 h respectively. Previous work on binderless titanium nitrides and titanium carbonitride 
composites are presented in Table 2 while sintering and mechanical properties of binderless 
titanium nitride in varying conditions are shown in Table 3. Table 4 gives a summary of previous 
research work on binderless TiN and TiCN-based cermet with high toughness. 
 
Figure 4.  Scanning electron microscope (SEM) image of sintered Titanium nitride with 
different milling times for (a) Cp–TiN, (b) TiN–1 h (c) TiN–4 h (d) TiN–10 h (e) TiN–40 h 
[100]. 
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 Table 2. Previous research work on some binderless titanium nitrides and titanium carbonitride composites. 
Composition Sintering 
techniques 
Milling 
time 
(hours) 
Relative Density 
% 
Hardness 
 
GPa 
Fracture 
toughness 
MPa M1/2 
Young 
modulus 
Flexural 
Strength 
Refere
nces 
 
Cp-TiN 
 
Binderless. 
 
PCAS 
 
0,1, 4,10 
and 40 
 
93,96,97,98 and 
99 
 
1022,1200,1377,14
39 and 1486 
 
2.9,3.0,3.0,3.3 
and 4.1 
 
- 
 
- 
 
(Kim et 
al., 
2013) 
TiC-WC-Cr3C3 
Binderless. 
FAST and 
SPS 
6 h 
Wet 
milling 
96 28.4±0.5 SPS 
20±0.5 FAST 
3.7 – 4.5 
3.1 – 3.9 
- - (Qiao 
et al., 
2013) 
Binderless 
Nanostructured 
TiC. 
HFIHS 0,1,4, and 
10 
88 ± 3, 97 ±1, 
98±0.5 and 
99±0.5 
11.8±0.4, 15.1±0.4, 
and 25±0.5 
8.6±0.5, 7.2±0.4, 
and 6.1±0.4 
- - (Shon 
et al., 
2010, 
El-
Eskand
arany, 
2000, 
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Huang 
et al., 
2018) 
Review on Bulk 
Nano ceramic. 
Nanocomposites. 
SPS, PAS, 
FAST, PECS 
and PPC 
HEBM - 1000 - 2500 8 -18 - - (Huang 
et al., 
2018) 
Ti (C, N)- based 
+N/(C+N) from 
20,30,40 and 50 
VS HEBM 
36h  
Not determined 91.7HRA, 
91.8HRA, 
91.9HRA and 
92.2HRA 
10.3,11.0,10.7 
and 9.2 
 1841, 
2021, 
2074, and 
1804 
(Shi et 
al., 
2017) 
Nano structure 
TiCN 
Spark 
Plasma 
Sintering 
No milling 94 Not determined Not determined - - (Anger
er et 
al., 
2005) 
Nano structure 
TiCN 
Spark 
Plasma 
Sintering 
No milling 93 Not determined Not determined - - (Anger
er et 
al., 
2005) 
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Nano structure 
TiCN 
Gas 
Pressure.S 
@8MPa 
No milling 93 Not determined Not determined - - (Anger
er et 
al., 
2005) 
Nano structure 
TiCN 
HP@30MPa No milling 84 Not determined Not determined - - (Anger
er et 
al., 
2005, 
Shon et 
al., 
2013) 
Nano structure 
TiCN 
HP@30MPa No milling 86 Not determined Not determined - -- (Anger
er et 
al., 
2005, 
Shon et 
al., 
2013) 
Nano structure 
TiCN 
HP@30MPa No milling 87 Not determined Not determined - - (Anger
er et 
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al., 
2005, 
Shon et 
al., 
2013) 
Nano structure 
TiCN 
Conventiona
l PS 
No milling 62 Not determined Not determined - - (Anger
er et 
al., 
2005) 
Nano structure 
TiCN 
Conventiona
l PS 
No milling 63 Not determined Not determined - -- (Anger
er et 
al., 
2005) 
Nano structure 
TiCN. 
Conventiona
l PS 
No milling 66 Not determined Not determined - - (Anger
er et 
al., 
2005) 
Nano structure 
TiCN. 
Source No milling - - - - - (Anger
er et 
   
56 
 
al., 
2005) 
TiN-based 
cermet 
reinforced with 
TiC contents 
 
 
 
Binderless WC-
TiC-TaC 
 
 
Binderless WC 
 
 
Binderless 
tungsten carbides 
 
 
Gas sintering 
furnace GAF 
 
 
 
 
HIP  
1673-2023K 
 
 
SPS  
1873-2123K 
 
SPS 1550-
1800 
24 h 
For 
(0,5,10,15 
and 20) % 
TiC 
 
Ball 
Milling 
260 ks 
 
 
No milling 
 
 
24 h 
98.8, 99, 99.2, 
99.4, and 99.8 
 
 
 
 
65, 76,87, and 96. 
 
 
 
99.2-99.6 
 
 
94,94.5,98, and 
98.6 
(85, 87.8, 88.6, 89, 
and 89.3) HRA 
 
 
 
 
95,95.5,96.5, 
and 95.7 
 
 
1400Hv20, 
1700Hv20 
2300Hv20,2310Hv2
012320Hv20, 
2310Hv20 
Not determined 
 
12.5, 14.5, 15.6, 
13.2 and 11.8 
 
 
 
 
Not determined  
 
 
 
1.08-4.72 
 
 
Not determined 
 
- 1790, 
1830, 
2300, 
2150 and 
2080 
 
 
 
1.6,1.72,1.
82,1.75 
and 1.62 
 
Not 
determine
d  
 
(Zeng 
et al., 
2017) 
 
 
(Imasat
o et al., 
1995) 
(Kim et 
al., 
2005) 
 
 
(Cha 
and 
Hong, 
2003) 
   
57 
 
 
 
 
 
Table 3. Sintering and mechanical properties of binderless titanium nitride in varying conditions. ST= sintering time in minutes, R.D 
= the relative density in %, HV is the Vickers hardness unit, CS is the conventional sintering, MWS is the microwave sintering route, 
and SPS is the spark plasma sintering. This table is reproduced from Demirskyi, et al.  (Demirskyi et al., 2013). 
Sintering techniques ST (oC) R.D (%) Average grains 
(nm) 
Micro hardness 
(HV, GPa) 
Fracture 
toughness (Kic, 
Mpa m1/2 
 
Conventional 
sintering (CS) 
1400 97 240 18.2 ±1.2 2.9 ± 0.6 (Demirskyi et al., 
2013) 
Microwave sintering 
(MWS) 
1300 97 170 19.5±0.6 3.4±0.1 (Demirskyi et al., 
2013) 
Not 
determine
d 
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Two step microwave 
sintering routes 
1180 
5min 
1100 
30min 
  
 
99 94 22.1±0.2 3.6±0.1 (Torbov et al., 
1979) 
Hot pressing 2000 Not determined 3000-25000 20.6±0.1 Not determined (Graziani and 
Bellosi, 1995) 
Hot pressing  1850 96 3100 11.7±0.4 2.78±0.08 (Groza et al., 
2000) 
SPS 1200 97 150-200 20.0 Not determined (Borodianska et 
al., 2009) 
SPS 1600 99 180-350 12.0-19.0 4.4 (Borodianska et 
al., 2009) 
 
Table 4: Research work on binderless TiN and TiCN-based cermet with high toughness 
Composition ST MT RD HA FT YM FS Reference 
 
Hardness and 
toughness of 
ultrafine and 
 
Vapor 
Chemical 
Reaction 
1500 oC 
 
HEBM 
 
95% 
 
2300 Mpa 
2650 
MPa 
 
5MPm1/2 
 
4MPm1/2 
 
 
- 
 
- 
 
- 
 
- 
 
(Tkadletz 
et al., 
2016) 
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nanocrystalline hard 
materials. 
Binderless. 
 (Tkadletz 
et al., 
2016) 
 
Transforming and 
alloying 
mechanisms in sub-
stoichiometry Ti 
(C0.5N0.5)0.6. W0.4 
Binderless. 
 
SPS HEBM 
12h,24h, 
48h and, 
72h 
N/A N/A N/A N/A N/A (Maweja et 
al., 2011) 
Preparation of a 
highly toughened 
titanium and 
tungsten carbides. 
Binderless. 
 
SPS 
1400oC 
20 h Not 
determined 
10.21±0.05 
 
11.46±0.43 
16.56±0.98 
 
10.44±0.46 
N/A N/A (Kwon et 
al., 2015) 
Comparisons of 
grain size-density 
Microwave 
sintering and 
No 
milling 
69%, 78%, 
87%,92%, and 
96% 
Average 
hardness 
19.5±0.6 GPa 
3.4±0.1MPa 
m1/2 
 
Average 
young 
modulus for 
N/A (Demirskyi 
et al., 
2013) 
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trajectory during 
microwave 
and conventional 
sintering of titanium 
nitride (Binderless) 
conventional 
sintering. 
1000 oC, 
1100 oC, 
1200 oC, 
1300 oC 
1400 oC, 
And 1500 oC 
 
60, 70%, 
80%,88%, and 
95% 
Average 
hardness 
18.2±1.2GPa 
 
2.9±0.6MPa 
m1/2 
both MW 
and CS 
441±13GPa 
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Kim et al. [82] investigated the mechanical properties of binderless tungsten carbide using spark 
plasma sintering technique. In their work, they determine the mechanical properties and 
densification performance of spark plasma sintered binderless tungsten carbide at temperature 
within the range of 1873-2123 K under atmospheric pressure of 50 MPa. The relative density of 
the sintered compacts increased with increasing sintering temperature and thus a fully dense 
sample was achieved at 2023 K. Due to this remarkable enhancement in the density of the sample, 
the grains became smaller and refine. The mechanical properties such as ultimate tensile strength, 
microhardness and fracture toughness was significantly enhanced [7].  Suzuki [8] and Imasato, et 
al. [108] experienced some difficulties when working on sintering of cemented carbide. They 
replaced Co with Ni but resulted in poor resistance of the sintered compact to corrosion. They 
concluded that good densification could be achieved by eliminating binders from cemented carbide 
in other to achieve good densification. Nishimura et al. [72] achieved good hardness and corrosion 
resistance in the development of binderless WC-Ti (C, N) and WC-Ti (C, N)-TaC. Similar 
properties were also achieved by Imasato et al. [108]. In their work on binderless WC-TiC-TaC, 
solid-solution of WC-TiC was completely formed as a new phase thereby enhancing the 
mechanical properties. 
2.1.7 Perception, cost–effectiveness and engineering benefits of binderless titanium 
carbonitride and titanium nitrides 
The removal of metallic binders from titanium carbonitride and titanium nitride is a realistic 
strategy for developing ultra-high temperature ceramic with improve properties for advanced 
engineering applications. A binderless ultra high temperature ceramics (UHTCS) does not only 
lead to reduction in the relative weight of the developed composite, but also improve significant 
number of their physicochemical properties [118-122]. Although, there are quite a lot of limitations 
associated with monolithic TiCN/TiN, however, this limitation could be prevented by modifying 
the process and compositions to form the composites with enhanced properties. There are three 
major restrictions common to some recently developed binderless TiCN/TIN. These are intricate 
laboratory preparation method, enhanced fracture toughness and high resistance to oxidation. 
These major setbacks call for necessary research attention in order to develop or fabricate TiCN-
based cermet with enhanced properties. This is due to different physicochemical properties 
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associated with each material [123-125]. Moreover, an attempt to modify the complex production 
route may reduce the desired efficiency and quality of such ceramics and thereby limit the 
application in the industries. 
The difference in crystal structure orientations of most ultra-high temperature ceramics (UHTCs) 
could reduce efficiency in any service conditions [126, 127]. Future progress in the manufacturing, 
alteration of composition of the UHTCs may widen their applications and engineering 
performance and put an end to major limitations. TiCN/TiN are very crucial ceramic of interest in 
many devices and industries. 
2.1.8 Summary 
The UHTCs materials are creating a niche for various advanced manufacturing application in the 
industries. The resistance to oxidation of TiCN/TiN-based cermet allowed them to be realistic for 
ultra-tough and high temperature ceramic materials for high speed cutting tools, crucibles for 
molten – metals etc. Nonetheless, the fundamental downsides are the low mechanical stability in 
properties and poor sinterability. TiCN/TiN remain brittle regardless of their high temperature 
properties which may restrict its utilization in applications, specifically in aviation industries, and 
high-speed cutting tool. An imperative issue for the use and consolidation of TiCN/TiN composites 
is through the production stages. Among the different materials utilized as added reinforcement to 
upgrade the properties of TiCN, titanium nitride as reinforcement can generate a unique property 
of TiCN/TiN which make them extremely attractive as cutting-edge technology. Different 
allotropes of carbon have been utilized collectively to enhance the properties of TiCN. Multiwalled 
carbon nanotubes (MWCNTs) of different forms are also very important and could improve the 
efficiency of TiCN properties like fracture toughness, oxidation resistance. This review has 
critically demonstrated the effect of different additive like WC, WC-Cr2C3, TiC to form a 
binderless titanium carbonitride. We discussed the structural formation of TiN and TiCN, phase 
diagram, different applications, limitation and challenges of TiCN and processing techniques. 
Finally, perception, cost and engineering benefits of TiCN/TiN without binders were also 
discussed. 
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2.1.9 Conclusion 
Despite the numerous research work on the combination of hardness and toughness behaviours of 
titanium carbonitride TiCN by using metallic binders to modify the toughness properties, the 
reports on the achievement obtained have been in the areas of high hardness with low toughness. 
Although literature support the possibility of the combination of ceramics such as TiC and TiN for 
the synthesis of tough binderless phase in TiCN, there is little or no reports on the production route 
and properties of binderless titanium carbonitride manufactured from the combination of TiN and 
TiC or from carbon based materials (such as graphite and carbon nanotube) using powder 
metallurgy technique i.e spark plasma sintering technique. Thus, the issue of producing ultra-tough 
binderless phase in TiCN is a serious challenge that may need much attention in the research 
laboratories and among the academia. 
There is neither literature available on the methods through which binderless TiCN could be 
produced by powder metallurgy nor selection of starting powders, preparation of the admixed 
powders and choice of suitable dispersion technique and equipment’s needed for (mixing, milling), 
The sintering method, sintering parameters; and how synthesized TiCN will be best characterized 
using SEM, TEM, Raman Spectroscopy, XRF, and XRD. In this regard, an in-depth investigation 
may be required in the future to develop binderless titanium carbon nitride in other to eliminate 
the problems associated with binder phase in the cermet. Finally, the mechanical behaviours 
(toughness, hardness) are very important to quantify the properties of developed binderless 
titanium carbonitride cermet. This investigation would be perfect if the tribological behaviours of 
the binderless TiCN are examined at low and high temperatures. 
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CHAPTER THREE 
3.0 Materials processing and characterization 
In other to evaluate overall properties such as mechanical properties, porosity and probe into the 
microstructure-properties relationships of the developed hard materials, the state of the earth 
modern equipment and approaches were utilized. This part of the thesis will illustrate the 
philosophies of, in specifics, the methodologies utilized for processing the alloy composites and 
samples, high energy ball milling processes, mechanical, and microstructure suitable arrangements 
used. This is alongside the philosophy/methodology adopted for preparation of samples, 
expository methods and application of different software used for detail analysis of various 
procedures, for example, XRD, SEM, SEM-Electron Backscattered Diffraction (EBSD), and TEM 
equipment. 
3.1 INVESTIGATION PUBLISHED FROM THIS STUDY 
3.1.1 Synopsis 
The motivation for improved operation in titanium nitride and titanium carbonitride alloys 
materials continue motivating scientist on the need to develop new engineering materials that will 
stand a test of time in any industrial sector. The only solution to this investigation is by reinforcing 
materials through consolidating the phases present in the materials by spark plasma sintering 
approaches under differing sintering parameters. Proper analysis like, densifications, fracture 
toughness, hardness, and microstructure were conducted on the spark plasma sintered TiN-
graphite-MWCNTs composites. Overall methodology entails powders  processing steps observed 
during dispersion,  impact of starting powders, milling of TiN, graphite and MWCNTs powders,  
characterization of various crystalline shapes and phases present in the composites, the dispersion 
performances of MWCNTs and graphite in titanium nitride ceramics, the homogeneity level of ad -
milled powders, and structural changes in the grain size. Strengthening of the consolidated TiN 
ceramics reinforced graphite/MWCNTs matrix composites and fundamental parameters used to 
milled TiN and graphite/MWCNTs powders. In conclusion, proper investigation on the reactions 
at the interphase between the matrix and the reinforcement, the characterization and the effect on 
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the mechanical properties and the importance of the strengthening mechanisms in the developed 
composite. 
3.1.2 Summary of the published articles 
A group of published research articles from the investigation of this study in peer-review and 
reliable ISI journals accrued to this thesis is accessible in chapter three. All pertinent research 
materials available in literature are referenced in this study. The procedure utilized for test 
approach or experimentations and results in these investigations are completely presented and 
deliberated upon in the publications that make up this section and structures the body of the thesis. 
A concise detail summary of the published articles is presented and successively orchestrated in 
such that the research objectives are coherently addressed but the publication dates are not in 
sequential way. 
 
Paper I Sintering of binderless TiN and TiCN-based cermet for toughness 
applications: Processing techniques and Mechanical properties; A 
review. Journal of ceramic international (published) 
TiN and TiCN based composites are remarkable class of metallic alloys and Cermets showing 
outstanding combination of hardness, high temperature strength and surface stability in tribology, 
corrosive or oxidative environments. Therefore, this cermet plays an important role in cutting tools 
and other high-temperature applications. Nonetheless, the cermets suffer some setback in the 
toughness functionality, required in cutting tools especially at high temperatures. Many researchers 
have worked on enhancing the hardness and toughness behaviors of TiCN by using metallic 
binders to modify the toughness properties. The only achievement obtained was in the high 
hardness with low toughness. However, the review is needed to evaluate the trends of achievement 
and the development in the enhancement of the optimum combination of hardness and toughness 
requirement in cutting tools application. It forecasts the essentiality of developing binderless phase 
TiCN with ultra-toughness that will suitably solve the deficiencies in high temperature application 
of TiCN as cutting tools. 
It has been projected that an increase in binderless titanium carbonitride application in the high-
speed cutting tools industries as a materials for producing high speed cutting tools will soon lessen 
the huge cost invested in manufacturing cutting tools and their composites will lessen the cost and 
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further applications of brittle materials like (high tool steel with binders) in the cutting tool 
industries to barest minimum.In a nutshell, considering the limitations of binders in different 
materials used for producing cutting tools from different research articles, Titanium carbonitride 
without binders seems to reduce the limitations arise from Matrix Composite. This review article 
centers around the production of binderless TiN and TiCN for toughness applications, processing 
techniques and mechanical properties. 
 
Paper II Mechano-chemical synthesis and characterization of Ti (C, N)-Powder from 
TiN-MWCNTs /Graphite, Journal of particulate science and technology 
(Published). 
There is need to understand the impact of mixing and milling parameters on the formation of 
titanium carbonitride Ti (C, N) from titanium nitride (TiN), graphite and multiwalled carbon 
nanotube (MWCNT) have been explored. The three powders were varied in various proportions 
(wt. %), afterward subjected to blending in a Turbula Shaker mixer (mixed), and in a planetary 
ball mill (milled) separately. The processed and admixed powders were characterized using the 
field emission scanning electron microscopy (SEM), transmission electron microscopy (TEM) and 
phase analysis was carried out with X-ray diffractometry (XRD). The impact of wet milling and 
dry blending on phases and morphology of the materials were also studied. The results show that 
the MWCNTs and graphite were consistently dispersed in the TiN while some isolated MWCNTs 
were seen after milling. From XRD results, it was discovered that phases of Ti (C, N), TiN, and 
C(graphite) were formed although huge measure of TiN and CNTs were retained in last powder 
blend. This could upgrade the toughness of the formed Ti (C, N) after high temperature sintering. 
The results reveal that nanosized TiCN powders were obtained by high-energy ball milling 
processing of TiN-1 % wt. graphite, TiN-3 % wt. Graphite and 5 % wt. graphite blend for long 
processing time of 16 h. Six categories of TiN-based powders with graphite were fabricated. 
Impact of graphite on the TiN Matrix investigated by means of SEM, XRD and TEM. The particles 
size is seen to diminish in size with the ball milling process time of 16 h. The sharp peak intensity 
of 2 = 29o and 35o was maintained for TiN and TiCN phases as seen in all the milled powders as 
the milling time increases. A shift in peak intensity of TiCN was observed for the Turbula mixed 
composite powders at 4 wt. % graphite and MWCNTs. As the milling time increases to 16 h, the 
strain initiated on the powders also increases. 
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Paper III  Microstructural and phase evolution of spark plasma sintering ofgraphitized 
Ti (C0.9N0.1) composites. International Journal of Refractory Metals & Hard 
Materials 78 (2019) 164–169. (https://doi.org/10.1016/j.ijrmhm.2018.09.01). 
Graphite addition on the particle grain sizes, multiple phases and the ultrafine Ti (C0.9 N0.1) 
composite produced by means of spark plasma sintering (SPS) was examined by means of X-ray 
diffractometer (XRD) and scanning electron microscopy (SEM) equipped with energy dispersive 
spectrometer (EDS). From the results analyzed, the presence of graphite increased the porosity of 
sintered Ti (C0.9 N0.1) cermet and thereby crippled the sinterability of Ti (C0.9 N0.1). Significantly, 
graphite additions had an influence on particle size, morphology, microstructure and phases of 
ultrafine Ti (C0.9 N0.1) by inhibiting the dissolution of titanium carbonitride, outer rims phases and 
the inner rim formation, thereby causing grain growth reduction. Because of depressed dissolution 
and solution precipitate, graphite phase evolution in the composite has reduced. Furthermore, the 
presence of graphite improved the micro indentation hardness of Ti (C0.9 N0.1) composite and 
sintered relative density of the cermets. 
The results show that as the graphite increases in weight percent the quantity of un-melted carbon 
particles increases and these affects the morphology changing from uniform grains to uneven. 
Pores and voids are additionally more prone to show up. All the composites are in Ti (C0.9, N0.1), 
Ti (C0.9, N0.1) – 0.5 wt. % Gr, Ti (C0.9, N0.1) - 1.0wt. % Gr phases. Furthermore, the measure of phases 
in Ti (C0.9, N0.1) composite is generally higher than other two composites. Besides, the intensity of 
Ti (C0.9, N0.1) increases with the increase in graphite particle size. The 1.0 wt. % graphite composite 
possessed superior hardness and fracture toughness. The maximum average Vickers 
microhardness and toughness value were 24.32Gpa at Hv10 and 45 ± 3.4 J∙m−2, correspondingly, 
which is attributed to relative more amounts of Ti (C0.9, N0.1) - 1.0 wt. % Gr    solid solution and 
close-grained continuous structure.  
 
 Paper IV  The role of graphite addition on spark plasma sintered titanium nitride. 
Journal of alloys and compounds (Under revision) 
Composites of titanium nitride reinforced with graphite were synthesized using spark plasma 
sintering at 2000 ℃. The effect of graphite addition on the microstructure, sintering parameters, 
relative density, and mechanical properties of TiN ceramics matrix were examined. The 
investigation was performed on TiN powder with varying graphite content for 8 h using an energy 
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ball milling equipment. Results show that TiN without and with graphite (TiN+1wt.% graphite) 
sintered at 2000 ℃ recorded sintered relative density of 96.7%, and 97% respectively. 
Additionally, TiN with 3 wt.% graphite had a relative density of 98%. However, the shrinkage of  
TiN+3wt.% graphite was observed to be the lowest compared to other composites at the same 
relative sintering conditions. Microstructural analysis indicates that the grain of titanium nitride in 
the composite was very fine and continuous throughout the microstructure. Subsequently, an 
uneven shaped in particle sizes were observed when 5 wt.% graphite was dispersed in TiN in figure 
8. The highest Vickers hardness of 23.5 GPa and fracture toughness of 6.5 MPa m1/2 was achieved 
on the composites reinforced with 3 wt.% graphite for 8 h of milling. The combination of 
TEM/EDS and HRTEM/FFT show a single pattern of diffraction and consistency in interplanar 
distance obtained from XRD of the milled sample. There is a clear coherence interface between 
the dark phase and the bright region. 
The results show that, titanium – graphite composites fabricated by Spark plasma sintering at 2000 
oC. The pure TiN and 1wt. % graphite TiN composites displayed relative densities of 96.7 % and 
97 % respectively. A completely dense TiN– 3wt.% graphite composites of 98 % were achieved 
at the same sintering temperature of 2000 oC. The TiN– 1wt.% graphite composite displayed the 
highest densification rate amid the milled samples. The TiN– 3wt.% graphite composite sintered 
at 2000 oC have the highest hardness with fracture toughness of 23.5 GPa and 6.5 MPa m1/2 
respectively.  The Spark plasma sintering at sintering temperature of 2000 oC can be used to sinter 
a completely densified TiN – Graphite composites, and results in the highest mechanical properties 
if the weight percent of graphite is carefully controlled. 
 
Paper V  Microstructural analysis of TiN-Graphite composites prepared by spark 
plasma sintering (submitted to journal). 
The effects of milling time on the particle size distribution (PSD), densification, microstructure 
and hardness of spark plasma sintered (SPS) TiN + Graphite ceramic binary alloys were studied. 
Nine samples containing (1, 3, and 5) wt. % graphite in titanium nitride matrix for 8, 24 and 40 
hours of milling were spark plasma sintered at temperatures of 2000 °C for holding time of 10 
min. under pressure of 50 MPa. The relative density and hardness increased as milling time 
progresses from 24 to 40 hours, but the relative density, hardness, and particle size decreased at 8 
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hours of milling for all the selected percentage composition of graphite used as reinforcement for 
titanium nitride. The microstructural analyses showed that a fully sintered TiN + Graphite binary 
alloys can be achieved at the SPS temperature of 1800 °C, with no significant grain growth. The 
relative density and Vickers hardness of the TiN + Gr ceramic alloys, sintered at the optimal 
milling period of 40 hours for 1 wt. % graphite, reached (%), (Gpa) and Kic respectively.  
3.1.3 The published articles 
The reproduce versions of the articles as they appeared in the journals just as the electronic 
submitted issues of articles under review are herewith displayed without any amendment. 
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Article two: Mechano-chemical synthesis and characterization of Ti (C, N)-
Powder from TiN- MWCNTs /Graphite 
Abstract  
The impact of blending and milling parameters on the formation of titanium carbonitride Ti (C, N) 
from titanium nitride (TiN), graphite and multiwalled  carbon nanotube (MWCNT) have been 
explored. The three powders were varied in various proportions (wt. %), afterward subjected to 
blending in a Turbula Shaker mixer (mixed), and in a planetary ball mill (milled) separately. The 
processed and admixed powders were characterized using the field emission scanning electron 
microscopy (SEM), transmission electron microscopy (TEM) and phase analysis was carried out 
with X-ray diffractometry (XRD). The impact of wet milling and dry blending on phases and 
morphology of the materials were also studied. The results show that the MWCNTs and graphite 
were consistently dispersed in the TiN while some isolated MWCNTs were seen after milling. 
From XRD results, it was discovered that phases of Ti (C, N), TiN, and C (graphite) were formed 
although huge measure of TiN and CNTs were retained in last powder blend. This could upgrade 
the toughness of the formed Ti (C, N) after high temperature sintering. 
Keywords: Graphite; MWCNTs; Milling; Mixing; Ti (C, N); TiN. 
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1.0 INTRODUCTION 
The compounds of titanium have found extensive variety of utilizations and significance in 
aviation industry, substance designing enterprises, marine sector and biomedical fields on account 
of their various qualities such as low thickness and good corrosion resistance (Meng et al. 2018, 
Obadele et al. 2012). Carbon nanotubes (CNTs) reinforced with titanium metal matrix composites 
(TMCs) offer the likelihood to swap unreinforced titanium blends for various applications (Bakshi 
et al. 2010). Production of ternary metal nitride, for example, Ti (C, N) starts from the combination 
of TiC-TiN since 1970s (Meka et al. 2018). Ti (C, N) as a typical based cermet material for 
mechanical and industrial applications display low coefficient of friction to metals, elevated 
hardness values at high temperature, idealize chemical stability, superior thermal resistance and 
astounding wear resistance (Meka et al. 2018) (Munir et al. 2015a). Based on previous reports, Ti 
(C, N), cermets cutting devices are classified as superior cutting tools used in most mechanical 
processing like milling, machining, finishing and semi-finishing activity of steels materials. High 
quality cutting tools and materials with high hardness are conceivable with Ti (C, N), but not 
obtainable with TiC-based cermets. Great dimensional precision and phenomenal surface finishing 
are very simple to accomplish in Ti (C, N)-based cermet (Meka et al. 2018) (Munir et al. 2015a). 
In view of their remarkably high hardness value attained and good corrosion resistance; Ti (C, N) 
is found to be the most utilized coating material. The powder stoichiometry in Ti (C, N) phases of 
the cermet influence the overall performance of the composite sample. In this manner, Esawi 
(Esawi et al. 2010) detailed that an adjustment in the ratio of carbon and nitrogen connection 
influenced the thermal conductivity and oxidation behavior of the final product. Characteristics of 
any finished cermet product can be controlled by alternating the amount of C/N in the 
compositional phase of carbonitride. 
The MWCNTs have tendency to agglomerate on account of their Nano size and the hard Van der 
Waals powers amid singular tubing (Xiong et al. 2016). With a specific goal to tackle the 
dispersion issue, the high energy ball milling (HEBM) is a successful and economic technique to 
diffuse MWCNTs in the metal matrices (Munir et al. 2015a). Moreover, Peng et al, (Peng et al. 
2013) reported severe milling conditions generate some defects in carbon nanotubes. These 
vacancies alone can cause losses in the overall properties of MWCNTs (Long and Rack 1998). 
Also, using HEBM and sonication on CNTs has made MWCNTs to encounter severe damages 
   
87 
 
because of stress imposed on the tubes during milling (Meka et al. 2018, Xue et al. 2010).It has 
been reported in the literature that load bearing properties of CNTs relies on its structural and 
Turbula integrity (Long and Rack 1998). Hence, milling capacity of MWCNTs need to be 
researched on; to know the appropriate method to use in dispersing MWCNTs into titanium matrix 
(Esawi et al. 2010).  
In this investigation, TiN-MWCNTs and TiN-Graphite composites were synthesized using 
Turbula mixer and HEBM methods. The evolution of the MWCNTs and graphite amid different 
stages of processing various phases; milling and dispersion in the TiN network were quantitatively 
considered. The morphological changes and dispersion of MWCNTs, graphite, and the formation 
of the crystalline phases of Ti (C, N), and TiN in the powder blends were examined. 
2.0 MATERIALS AND METHODS 
2.1 Materials 
A commercial grade of Titanium nitride (TiN) powder,  95 % wt. purity (600140 from China) 
with average of 1.15 m size, 3 kg net weight was utilized as the ceramic matrix. MWCNTs 
powder (outer diameter (OD) 20-30 nm, weight 5 kg, length (L) 10–30nm, and  1.5 wt Ash 
content for R and D and 1.2 µ size of graphite were separately used as the reinforcement. Ethanol 
of 99.99% was utilized as the control agent. 
2.0 Methods 
2.1 Mixing and milling 
The same volume percent (0.5 vol.%) of graphite and MWCNTs were thoroughly dispersed into 
titanium nitride matrices inside tungsten carbide (WC) vials using a high energy ball milling 
machine (HEBM) (Retsch PM 400, Germany) and a Turbula mixer. The dispersion of the 
reinforcement powders into titanium nitride matrices were carried out for 8 and 16 h at a rotational 
speed of 250 rpm in a wet milling condition with ethanol as process control agent (PCA). The 
ratios of the selected balls were within the range of 1:3:1 with ball size of 6mm in diameter. The 
main purpose of chosen the balls ratio size was to compensate for proper collision energy released 
during dispersion on the powder particles in order to prevent cold welding in the charged powders 
(Enayati and Mohamed 2014). 
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The purpose of using the wet milling condition is to avoid fracturing over cold welding of the 
powders and the milling process (Han and Weatherly 1997, Xiang et al. 2010). During dispersion 
process of HEBM, a ball to powder ration of 10:1 was used. The HEBM machine was set to rest 
at an interval of 10 min after every 10 min of operations to ensure that the integrity of the 
MWCNTs and Graphite are not damaged. The 10 min interval was used in order to guide against 
the charged powders from overheating due to extreme friction and impact forces among the ball-
powder-vial interactions with the wall. The second stage of milling was prepared by ball milling 
different weight percent of graphite (1, 3, and 5) into the TiN matrices for the same 8 and 16 h of 
milling at a rotational speed of 250 rpm using the same high-energy ball milling technique. Ethanol 
was added to prevent fracturing over cold welding of the powder blends. Sample was dried inside 
a vacuum extractor at temperature 80 oC for 3 h (Córdoba et al. 2009). The two composites 
obtained from this process were TiN-Graphite and TiN - MWCNTs composite powders. 
2.3 Samples characterization 
The morphology of the starting TiN, Graphite and multiwalled carbon nanotube powders were 
investigated by field emission electron microscopes (FESEM, JSM -7600F). The characterization 
of the starting powders was further examined by FEI Themis-Z Double-corrected 60–300 kV 
S/TEM at University of Sydney nanoscience hub. The secondary electron imaging of the surface 
morphology was performed at 1 kV accelerating voltage with a 60 – 300KV stage bias to further 
decelerate the incident electrons and minimize interaction volume effects (Zeng, 2015). The TEM 
was used to study the integrity of the surface morphologies and the microstructure of the sample 
with best dispersion. The Phase identification was performed using the (PANalytical Empyrean 
model) X-ray diffractometer with Cu K radiation at 40 kV and 40 mA, wavelength of  = 0.154 
nm. 1o/min scan rate was used within a range of 2 = 10o -70o to identify the constituent phases of 
as-received, admixed and the milled composite powders. PANalytical's X'Pert High Score program 
software was used for the analysis of the data retrieved from XRD scan of each sample. 
Furthermore, the crystallite size and lattice strain against percentage composition of each powder 
was determined by means of Sherrer equation (Equation 1). 
 
   
89 
 
The Sherrer equation used for calculating the crystallite size is as followed; 
𝐷𝑝 =
0.94 𝑥 
𝐶𝑜𝑠  
          (1) 
Where Dp is the average crystallite size (nm),  is the line broadening in radians,   is the Bragg 
angle and  is the wavelength in mm. 
3.0 Results and Discussions 
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Figure 1.  X-ray diffraction (XRD) characterization of as received powders (a) TiN, (b) 
MWCNT and (c) Pure graphite 
3.1 X-ray diffractogram of as–received and ad-mixed/milled powders 
The XRD patterns of the starting powders and the mixed/milled TiN – MWCNTs, TiN – graphite 
composite powders are presented in Figures 1 and 2 respectively. The XRD patterns of as-received  
powder in Figure 1 revealed much of the main component for MWCNTs, TiN and graphite 
powders. The intensity peaks were identified at peak position 2= 37.5 oC, 42.8 oC, 62.5 oC, 75.4 
oC and 81oC for the as– received TiN powder (Figure 1a). These peaks correspond to (110), (001) 
and (010). (Enayati and Mohamed 2014) also observed the sharp position in pure TiN powder, no 
other peaks were observed in the XRD plot. This indicates the purity of TiN used in this work. A 
similar case was observed in graphite and MWCNTs powders (Figure 1b and 1c). The highest 
peak intensity of 2 = 27oC and other small but broad peaks at 2 = 55o C and 57o C for graphite 
were observed. Higher peak intensity 2= 28.5o C and two other broad and elongated peaks were 
observed in MWCNTs powders. No other peaks were observed in the reinforcements indicating 
the purity of the reinforcements used in this study.  
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Figure 2. XRD patterns of both mixed and milled TiN – graphite and TiN-MWCNTs composites 
powders with different milling time and weight percent. 
X-ray diffraction peaks of the mixed and milled composite powders as shown in Figure 2, 
displayed TiCN, TiN and C (graphite), devoid of any indication of peak broadening for all the 
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identified phases. This could be attributed to voltage capacity of the XRD method used in detecting 
high fractions of the MWCNTs and graphite in the TiN matrix and large difference in the mass 
absorption coefficient (Cu k - radiation) of retained or undissolved C (graphite) in Ti(C,N) which 
are around 4.56 and 207.5 m2 g-1, respectively (Samal et al. 2013, Tiley et al. 2014). Bulient and 
Eke (Ates et al. 2017), reported the presence of MWCNTs and graphite peaks in titanium alloy as 
being homogenously dispersed. Notwithstanding, transforming the MWCNTs structure to an 
amorphous, leading to sp2 disorder in C-C chains could also be attributed to sharp peaks observed 
for TiCN, TiN and C (graphite) phases in Figure 2. It was observed that some damages in the 
structure of MWCNTs occurred, which resulted in amorphous MWCNTs due to high energy ball 
milling exerted on the powders via the milling balls and the frictional forces released on the 
MWCNTs and TiN particles. Similar observations were made by (Xiong et al. 2008) and (Munir 
et al. 2015b, Samal et al. 2013). The evolution of the crystalline phases and the structural changes 
in   the mixed and milled composites as determined by XRD revealed a narrow peak corresponding 
to -TiN for different milling times; a similar case was reported by Munir et al., (Munir et al. 
2015c). The XRD patterns of composites (4 wt % CMWCNTS+TiN) milled for 16 h as seen in 
Figure 2 reveals the peaks corresponding to MWCNTs, TiN, TiCN and retained C(graphite) which 
could be of advantage to self – lubricating of the composites when sintered at high temperature. 
Although, the XRD patterns of the 16 h of milling revealed the TiCN phase with the highest peak. 
The XRD pattern in Figure 2 confirmed that milling time observed for all the powders resulted in 
the formation of TiCN, which is the focused area of this research. The more amounts of graphite 
and MWCNTs in the TiN matrix the more the formation of TiCN. Increasing the milling time also 
leads to increase in the peak intensity of TiCN phase as indicated in Figure 2. Therefore, the 
observed increase in TiCN and increase in amount of graphite and carbon nanotubes as well as the 
milling time in figure 7 could be attributed to the significant difference in the mass absorption 
coefficient for Cu Kradiations of TiN and carbon and  an increase in milling speed, which could 
result to an increase in energy release and subsequently increasing balls and powder collusion in 
the milling vial and the impact energy exchanged to the powder blends by milling balls and the 
vial (Munir et al. 2015b). In addition, it was observed that the extra carbon shown in Figure 7 could 
promote the added self-lubricity advantages for each composite produced. As indicated in the XRD 
pattern in Figure 2, after 8 and 16 h of milling and mixing; the narrow peaks of TiCN compound 
were observed obviously implying the successful mechanical alloying of TiN-MWCNTs and TiN-
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graphite. During the HEBM process, one peak of graphite at about 32o C was also observed when 
further milled for 8 and 16 h and the composite displayed the peak of TiCN without TiC formation. 
From the graphical illustration (Figure 3) of crystallite size and lattice strain, it was observed that 
increase in the milling time to 16 h generally reduced the crystallite size of the powders and 
increased the lattice strain induced on the powders (Bakshi et al. 2010).   
3.2 Morphology of as received and the milled powders 
 
Figure 3. SEM images of as-received (a) Cp- MWCNTs (b) Graphite powder (c) TiN powder. 
Figure 3 shows the morphology of as-received TiN, graphite and the MWCNTs powders 
respectively. Figure 3(a) shows some entangled network of tubes agglomerated together due to the 
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strong Van der Waals forces emanating from single layer of carbon nanotubes in the MWCNTs 
powders (Zeng 2015, Zhao et al. 2007). Graphite powdered particles as shown in Figure 4 show 
flake-like morphology. The graphite powder was evenly dispersed in the matrix powder (TiN) 
used in the work (Peng et al. 2013). Particles of matrix powder; TiN, (see Figure 3(c)) demonstrate 
some sporadic distributions of particles indicating the features of powders from gas atomization 
process (Zhao et al. 2007). The microstructure of TiN shows no visible signs of particles 
agglomeration.  
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Figure 4.  SEM/EDX images of (a) TiN ball milled with 4wt. % MWCNTs for 8 hours. (b) TiN 
Tubular blended with 4wt. % MWCNTs for 16 hours. (c) BSE of TiN Tubular blended with 4wt. 
% MWCNTs for 8 hours. (d) BSE of TiN matrix ball milled with 4wt. % MWCNTs (e) TiN 
blended with 4 wt. % graphite for 8hours. (f) TiN blended with 4 wt.% graphite for 16 hours. (g) 
and (h) TiN matrix ball milled with 4wt. % graphite powders for 16 hours. 
Figure 4 shows the exact morphology of the mixed and milled composite powders in Turbula 
mixer and the high energy ball milling machine (HEBM). The graphite and the MWCNTs 
(displayed by thick arrows) were evenly distributed within the TiN matrix at different volume 
percent. The level of dispersion attained in the TiN composite was due to volume percent of each 
of the reinforcement. The TEM/EDS analysis in Figure 6b also confirms the presence of elemental 
C, Ti and N. As the particle size of TiN-graphite and TiN-MWCNTs increases, the number of un-
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melted particles increases, and this results in the morphology changing from relatively flat to 
uneven (see Figure 4). From the microstructure in Figure 5, it was observed that the higher the 
time of milling the better the homogenous reinforcement in the matrix. This could be attributed to 
more surface area needed for MWCNTs and graphite in the matrix, the strong Vander Waals forces 
and the high aspect ratio (Enayati and Mohamed 2014, Zhao et al. 2007). Pores and voids are also 
more likely to appear as indicated in Figure 5.  
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Figure 5. SEM/EDX images showing the morphology of powders ball milled at; (a) 1 %wt Gr + 
TiN (8 hrs). (b) 1 %wt Gr + TiN (16 hrs). (c) 3 %wt Gr + TiN (8 hrs). (d) 3 %wt Gr + TiN (16 
hrs).  (e) and (f) 5 %wt Gr + TiN (8 and 16 hrs, respectively). 
Figure 5 (a) shows a relatively homogenous dispersion of MWCNTs in the TiN matrix at 8 h of 
milling, clusters and agglomerated MWCNTs was detected by broken particles of tubes in the 
composite powder as indicated by arrows.  While Figure 5(b) shows complete clustering and 
agglomeration of MWCNTs with the TiN particles after 16 h of mixing with Turbula mixer, the 
carbon nanotube was entangled with the TiN matrix revealing in-homogenous mixture of the 
reinforcement in the matrix. Obtaining a good homogenous dispersion of MWCNTs in metallic 
matrices has been very difficult which could result to poor mechanical properties of the composite 
after sintering (Feng et al. 2011). Therefore, to mitigate this menace, researchers have work on 
different technique of dispersing MWCNTs in titanium alloys (Kharisov et al. 2016). The 
distribution of graphite particle was displayed via the backscattered electron images in the Figure 
5(c) and (d), Graphite was well dispersed into the TiN without any form of agglomeration within 
the particles, probably because of the density of graphite in the matrix as indicated in Figure 5(e) 
and (f) for both ball milling and the Turbula mixed composite powders. The particles size of TiN 
+ 5wt.% graphite composite powder for 16 h of milling in Figure 5 (f) was higher than the particle 
obtained for TiN + 5 wt.% graphite in Figure 5(e) for 8 h due to prolong milling time that gave 
rise to agglomeration of TiN and graphite in the composite. (Munir et al. 2015b, Xiong et al. 2008) 
used HEBM, (Ates et al. 2017) dispersed with sonication–assisted ball milling and mechanical 
mixing. (Munir et al. 2015b, Xiong et al. 2008, Zhao et al. 2007) reported the use of high energy 
ball milling as a reliable method of dispersing MWCNTs into the titanium-based alloys and the 
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method has proven reliable and cost effective (Feng et al. 2011, Tiley et al. 2014). Hereafter, the 
methods used by Munir et al. 2015b, and Xiong et al. 2008 have prompted the use of this viable 
technique in this study. 
3.3 TEM illustration of the milled powders 
 
Figure 6. (a) TEM image of (0.5 % wt graphite + 0.5 wt.% MWCNTs + TiN) powder after ball 
milled at 16 hours (b) HRTEM image with Fast Fourier Transformed (FFT) patterns.  
 
 
 
 
   
105 
 
Figure 7. TEM/EDS mapping of the milled powder showing distributions of different 
constituent elements. 
In other to ascertain the overview of the crystalline structure of the milled powder, the micrograph 
of the milled powder was examined by transmission electron microscopy (TEM), FEI Thermis-Z 
double corrected 60 – 300 keV S/TEM using HAADF-STEM images and the EDS mapping of 
various constituents’ elements (Ti, N and C) in the powder. The EDS mapping show clearly the 
distributions of each constituent’s element in the matrix which could be attributed to powder 
exposure to prolong milling time of 16 hours. 
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 Further analysis was carried out on the milled powders with low and high resolution TEM 
(HRTEM) images incorporating FFT images to investigate the crystals with different orientations 
which was in accordance to the crystalline structure of TiCN. The HRTEM and its FFT of the 
milled powders were represented in figure 6 showing the clear crystallinity of the milled powder. 
Generally, TiCN or TiN has similar crystal structure with NaCl type which falls within fm-3m 
space crystal group. We observed that the FFT patterns of the milled powders coordinate well with 
the crystallinity of the Titanium carbonitride which agreed  with the X-ray diffractometer results 
obtained in Figure 2.  
The high level of dispersion of carbon within the TiN matrix was quite consistent throughout the 
TEM as indicated in the EDS mapping in Figure 6b. The EDS mapping in Figures 6b, show the 
position of each elements like C, N and Ti in the microstructure that were consistently dispersed 
in the carbonitride particles.  It was considered that this type of continuous TiN-graphite-
MWCNTs network formation played a significant role in determining the thermal conductivity 
range for all the milled and the admixed powders (Feng et al. 2011). The TEM image in Figure 
6(a) shows that the lattice distance derived from the FFT is closed to (002) or (020) plane in 
TiC0.3N0.7 structure. This happens because of the carbon replaced by the nitrogen atom in the 
crystal structure and the carbon atoms were distributed randomly after the ball milling process as 
indicated in the TEM images in Figure 6. This is very crucial in order to ascertain the integrity of   
dispersion of the reinforcement in the composites and its contribution in the final properties of the 
bulk composite material.  
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Figure 8. Shows the graph of crystallite size and lattice strain of as received against the milled  
powders.  
Where sample A is Pure Titanium Nitride powder. Sample B is pure graphite powder. Sample C 
is pure multiwalled carbon nanotube powder. Sample D is 1 wt. % Graphite + TiN for 8 hours of 
milling. Sample E is 3 wt. % graphite + TiN for 8 hours of milling. Sample F is 5 wt. % graphite 
+ TiN for 8 hours of milling. Sample G is 1 wt.% graphite + TiN for 16 hours of milling. Sample 
H is 3 wt. % graphite + TiN for 16 hours of milling. Sample I  5 wt. % graphite + TiN for 16 hours 
of milling. 
4.0 Conclusions 
➢ Nanosized TiCN powders were obtained by high-energy ball milling processing of TiN-1 
% wt graphite; TiN-3 % wt Graphite and 5 %wt graphite blend for long processing time of 
16 h. Six sorts of TiN-based powders with graphite were fabricated. Impact of graphite on 
the TiN Matrix investigated by means of SEM, XRD and TEM.  
➢ The particles size is seen to diminish in size with the ball milling process time of 16 h.  
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➢ The sharp peak intensity of 2 = 29 o and 35 o were maintained for TiN and TiCN phases 
as seen in all the milled powders as the milling time increases.  
➢ A shift in peak intensity of TiCN was observed for the Turbula mixed composite powders 
at 4 wt. % graphite and MWCNTs. 
➢ As the milling time increases to 16 h, the strain initiated on the powders also increases.  
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Article three: Microstructural and phase evolution of spark plasma sintering 
of graphitized Ti (C0.9N0.1) composites 
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Abstract 
Graphite addition on the particle grain sizes, multiple phases and the ultrafine Ti (C0.9, N0.1) 
composite produced by means of spark plasma sintering (SPS) was examined by means of X-ray 
diffractometer (XRD), and scanning electron microscopy (SEM) equipped with energy dispersive 
spectrometer (EDS). From the results analysed, the presence of graphite increased the porosity of 
sintered Ti (C0.9, N0.1) cermet and thereby crippled the sinterability of Ti (C0.9, N0.1). Significantly, 
graphite additions had an influence on particle size, morphology, microstructure and phases of 
ultrafine Ti (C0.9, N0.1) by inhibiting the dissolution of titanium carbonitride, outer rims phases and 
the inner rim formation, thereby causing grain growth reduction. Because of depressed dissolution 
and solution precipitate, graphite phase evolution in the composite has reduced. Furthermore, the 
presence of graphite improved the micro indentation hardness of Ti (C0.9, N0.1) composite and 
sintered relative density of the cermets. 
Keywords: Ti (C0.9, N0.1); Porosity; spark plasma sintering; Microhardness; graphite; 
Microstructure. 
1. Introduction 
The new trends of advancement in the world of technology has been attributed to the use of a 
cermet known as Ti (C, N) as high-speed cutting tools because of the exceptional properties. [1, 
2]. The superior performance of Ti (C, N) in recent years has been reported by refs [2, 3]. 
Nonetheless, the grain growth peculiar to ultrafine and nano size particles cermet has been 
attributed to particle size and the process of dissolution–precipitation, causing the evolution of the 
outer and inner rims and phases in the composites [3, 4]. 
Cermet like WC-Co grain growth and grain growth inhibition has been explored comprehensively. 
Research has been developed by [5-8] to tackle the grain growth effect on WC-Co cermet by 
applying a well-known VC or Cr3C2 binders to effectively manage or control the grain growth. As 
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a result of close connection between cemented Ti (C, N) based cermets and WC-Co, it is expedient 
to explore the mechanisms of controlling grain growth for Ti (C, N) as based cermets and confirm 
the sinterability and thorough microstructural examination [5-8]. 
Several striking properties accompanying the carbides and nitrides compound of transition metals 
like TiN, WC, Ti (C, N), and TaC have encouraged researchers in tailoring research in the areas 
of synthesis and processing of carbides in the form of a single-phase material. The most interesting 
properties of these transition carbides include good electrical conductivity, hardness, melting 
temperature, thermal and chemical stability at very high levels [9]. Applications of these carbides 
are predominantly in the high-speed cutting tools industries all over the globe. However, it can be 
used as cemented carbides together with some metallic binders for the purpose of toughness, where 
Co and Ni are typical binders being used. However, in their work, Zhan et al. [10] reported the 
degradation of Ti (C, N) by corrosion and oxidation as a results of the presence of metal binders. 
Refs [9, 11] concluded that titanium carbonitride Ti (C, N) could be an acceptable material for 
replacing tungsten carbide. Nonetheless, due to high melting properties of Ti (C, N), achieving a 
high densification requires a high sintering temperature or Field -assisted sintering temperature 
techniques. The recent studies on titanium carbonitride Ti (C, N) focus on the mechanical 
properties and microstructural evolution. As at present, limited research has been carried out on 
pure Ti (C, N)-based cermet with reinforcements using spark plasma sintering (SPS) techniques. 
Angerer et al. [12] achieved a maximum densification of 94 % at temperature of 1600-1800 oC 
while studying a nanostructure Ti (C, N) based cermet. 
Zgalat-Lozynskyy et al. [13] studied the spark plasma sintering of TiCN and found that TiCN 
nanopowders could be successfully consolidated into a near fully dense and fine homogenous 
microstructure. From available literatures, there is no report on the influence of graphite addition 
on Ti (C, N) densification and the multiphase analysis. Therefore, establishing a concrete 
technique and quality control on the final sintered samples of Ti (C, N) - based cermet remain a 
challenge. Critical studies need to be done on the densification mechanisms. 
This work is aimed at investigating Ti (C0.9, N0.1) based cermet, its effect on graphite addition with 
much influence on the grain size and phase evolution using spark plasma sintering techniques. The 
cermets developed will be fully dense, binderless, fine grained Ti (C, N) - graphite hard materials 
with required toughness level.      
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2. Experimental procedure 
Graphite powder (average particle size of 1.2 µm and 99 % purity) from Sigma-Aldrich, South 
Africa was used in this study as the reinforcement. Pure Titanium carbonitride (Ti C0.9 N0.1) powder 
(average particle size of 1.4 mm and 99.9% purity) supplied by JNM, Japan, was used as the 
matrix. The powders morphologies observed by SEM are shown in Fig. 1. Furthermore, the 
powders were weighed at different proportions (Ti C0.9 N0.1) powder with 0, 0.5, and 1.0 wt. % 
graphite) using a digital weigh balance. A high-speed Turbula Shaker Mixer (T2F) was used to 
disperse the powders at mixing speed of 101 rpm for 4 h. The mixing was done in a dry 
environment. Fig. 2 shows the SEM image of the mixed powders. It could be observed that graphite 
particles are well distributed in Ti (C0.9N0.1) matrix. 
 
Figure 1.  SEM morphologies of the investigated (a) Ti (C0.9, N0.1) and (b) Graphite powders. 
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Figure 2. SEM image of admixed powders (a) Ti (C0.9, N0.1) - 0.5wt. % Gr. and (b) Ti (C0.9, N0.1)-
1.0 wt. % Gr. 
Spark plasma sintering experiments (HHPD 25 manufactured by FCT Germany) were carried out 
in a 30 mm diameter graphite die at maximal temperature of 2100 ºC, sintering pressure of 50 
MPa, heating rate and sintering time of 100 ºC/min and 10 min respectively. The sintering process 
was performed in a vacuum atmosphere. These sintering parameters were closely observed 
throughout the experiments. The sintered density was determined by Archimedes principle. 
X-ray diffraction was performed with a PANalytical PW1710 Philips diffractometer, with 
monochromatic Cu target Kα radiation at 40 kV and 40 mA. The range of diffraction angles was 
0−90 °. Phase identification was carried out to identify the presence of constituent phases of the 
sintered composites using a high score X'Pert Software. Microstructural analysis of the polished 
surface of sintered composites was examined by optical and field emission scanning electron 
microscopes (JEOL JSM-7600F) equipped with energy dispersive X-ray spectroscopy (EDS) at 
an accelerating voltage of 15 kV. The hardness and fracture toughness were determined by 
calculating the average of ten indentations on the sintered samples using Vickers diamond 
pyramidal at a load of HV0.5.  
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3. Results and Discussion 
3.1. XRD analysis of as-received powder and admixed powders 
Fig. 3 shows the XRD analysis of as-received graphite powder and subsequent admixed powders. 
The as-received graphite (Fig. 3a) shows sharp peak at 2θ = 26.6 ° (002). Other observed peaks 
correspond to 44.6 º (101) and 54.6 º (004) respectively.  This corresponds to graphite peaks 
reported by Chu et al. [14] and Kazemizadeh et al. [15]. Peaks obtained after sintering (Fig. 3b) 
indicate that there are no significant differences in the phases and peak positions. The narrow and 
high intensity peaks at 2θ= 36.4 °, 42.5 ° and 61.6 ° correspond to (111), (200) and (220) planes 
respectively, while the low intensity peaks at positions 2θ = 72.5 º and 76 º correspond to 
crystallographic planes (311) and (222). There are no visible peaks of graphite detected after 
mixing. This could be as a result of the small amount of graphite added to TiCN. 
 
Figure 3.  X-ray diffraction patterns for the (a) as-received graphite powder and (b) Mixed 
powders. 
3.2. XRD analysis of sintered composites 
The X-ray spectra of the sintered composites are represented in the Fig.  4. The crystallographic 
shape of the commercially produced Ti (C0.9, N0.1) corresponds to face centered cubic (FCC) - Ti 
(C0.9, N0.1) type structure discovered after sintering prior to addition of graphite as reinforcement 
in the matrix. The consistency of this result corresponds to the work of Li et al, 2017 [16]. There 
is a sudden shift in the diffraction peaks of -Ti (C0.9, N0.1) at a peak position of 2 = 59o C to 2= 
35o C and gradually become narrower in peak. At the same sintering temperature of 2100 oC, there 
is little shift in the remaining peaks after 2 = 59o C overlapping to 2 = 35 o C. Notwithstanding, 
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all the sintered composites have  slight shift in peak position from the 2 as the percentage weight 
of graphite increases in the matrix. The same peak intensity of admixed samples was retained after 
the sintering, this shows that no new phases was observed after sintering for all the samples. This 
could be due to good thermal stability of the samples. 
High hardness observed in the sintered composites could be attributed to fast rates of heating at 
100 oC/min and sharp cooling during the spark plasma sintering can also be responsible for the 
little shift in the peak pattern. Another stage of phases known as the secondary phases were 
detected such as TiN0.9 -TiN and Ti (C0.3, N0.7) - TiN due to fast diffusion of graphite in Ti (C0.9, 
N0.1) matrix. Although TiN0.9– TiN is a preferred alloying compound than TiC0.3N0.7-TiN. Based 
on solid state sintering process (14), major phases like graphite peaks were also detected in the 
matrix indicating stable and undissolved graphite. 
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Figure 4. XRD pattern of sintered (a) cp – Ti (C0.9, N0.1), (b) Ti (C0.9, No.1) - 0.5 wt. % Gr.  and 
(c) Ti (C0.9, No.1) -1.0 wt. % Gr. 
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3.3. Sintered density and microhardness  
Fig. 5 presents the sintered density and micro-indentation hardness against graphite content.  The 
best relative densities are accomplished in the sample with higher graphite percentage due to lower 
liquidus temperature, which infers better densification amid sintering. It is noteworthy that sintered 
composite with 1 wt.% graphite shows remarkably increase in sintered density (99.0 %) as 
compared to the matrix without graphite addition (98.0 %). This indicates that graphite addition 
promotes good densification of the matrix. The samples without graphite and 0.5 wt. % graphite 
show the least hardness values, in all probability because of the nearness of a sigma phase and 
their heterogeneous microstructures. The most elevated hardness value is estimated in 1.0 wt. % 
Gr reinforcement as a result of homogeneous microstructure. The least microhardness value was 
recorded for sample without Gr addition. This suggests that graphite could act as a hard phase 
within the TiCN matrix.  
 
 
Figure 5.  Relative density and hardness of Ti (C0.9, N0.1) (% graphite = 0; 0.5; and 1.0) sintered 
samples. 
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3.3. SEM analysis  
The microstructures of Ti (C0.9, N0.1) - based cermets without and with addition of carbon are 
shown in Fig. 6. Fig. 6(a) shows the presence of pores distributed evenly in TiCN without graphite 
addition. This could be responsible for the least sintered density measured in Fig. 5. The presence 
of pores could influence the sintered density, hardness and mechanical properties of the fabricated 
composites. It could be seen from Figs 6(b) and 6(c), that graphite addition has a noticeable effect 
on the size variation and distribution of Ti (C0.9, N0.1) phase. From Fig.  6(c), the sintered 
composites present a uniform distribution of graphite phase present within Ti (C0.9, N0.1) matrix. 
Generally, the addition of graphite in the TiCN matrix significantly changed the surface 
morphology of the sintered composites.  
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 6. SEM image of sintered composite (a) Ti (C0.9, N0.1) - 0 wt. % Gr.  (b) Ti (C0.9, N0.1) – 
0.5 wt. % Gr and (c) Ti (C0.9, N0.1) - 1.0 wt. % Gr. and (c) Ti (C0.9, N0.1) - 1.0 wt. % Gr. 
Pores 
(a) 
   
121 
 
3.4 Grain size 
Fig. 7 shows the grain size distribution with respect to graphite addition. The average grain size of 
Ti (C0.9, N0.1) - 0 wt.  % Gr.  cermet is around 0.6 µm. In comparison with Ti (C0.9N0.1) – 0 wt. % 
Gr, it is apparent that the secondary inclusions in Ti (C0.9N0.1) - 0.5 wt. % Gr (with grain size of 
0.85 µm) and Ti (C0.9N0.1) -1.0 wt. % Gr (with grain size of 1.2 µm) improved their mechanical 
properties. This may be due to the influence of individual hardness of the distinctive ceramic 
particles and solution hardening of the graphite in the matrix. From Hall-Petch relationship, the 
bigger the grain size, the lower the hardness.                 
 
Figure 7. Microhardness and the average grain size relationship in the sintered samples 
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3.5. Fracture toughness and fractography 
A graphical relationship between the fracture toughness, microhardness and the graphite content 
are shown in Fig. 8. The influence of microstructural evolution after sintering could be seen on the 
mechanical behaviour of composites, microhardness values and most importantly, the fracture 
toughness. A universal trend of an increasing hardness with a corresponding decrease in fracture 
toughness under the same load was generally observed. 
 
Figure 8. Shows the graphical illustration between the Microhardness and the fracture toughness 
of the sintered samples. 
The lowest hardness value was found at 22.13GPa for Ti (C0.9, N0.1) without graphite addition. 
This was due to the level of porosity presented in Fig. 6(a). On the other hand, the hardness value 
of sintered composites with 1 wt. % graphite was 24.32 Gpa. This is a clear indication that graphite 
addition could influence the microindentation behaviours of TiCN. Nevertheless, the effect of 
micro-porosity on the microhardness values of Ti (C0.9N0.1) - 0.5/1.0 wt. % Gr. seems to be 
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negligible. In effect, the high sintered density (99.0 %) observed in Ti (C0.9N0.1) - 1.0 wt. % Gr. is 
as a result of the presence of the ceramic agglomerates and graphite inclusions.  
Fig.  9 show SEM morphology of the sintered composites with and without graphite addition. The 
morphology of the composite without graphite display loose and coarse grains compared to the 
composites with 0.5 and 1.0 wt. % Gr. The grain refinement effect of 1.0 wt. % graphite was more 
pronounced than that 0.5 wt% graphite. The fractured morphology of the composite with 1.0 wt. 
% graphite showed some evenly distributed dimples which could be responsible for high hardness 
observed. This could be attributed to grain refinement capability of the graphite in the composite. 
 
Figure 9.  SEM fractography of sintered composites (a) Ti (C0.9, N0.1) - 0wt. % Gr, (b) Ti (C0.9, 
N0.1) - 0.5 wt. % Gr. and (c) Ti (C0.9, N0.1) - 1.0 wt. %Gr. 
As shown in Fig. 9(c), the surface of the fractured sample clearly represents a thick, straight and 
flashing-like appearance. It is well reported that the lower the porosity in a microstructure the finer 
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and compact the grain arrangement of the composite structure, and also, the larger and effective is 
the behavior of composite to load – bearing under an external application of load. The wettability 
and bonding strength of interfaces are improved because of the reduction in porosity and impurities 
in the composites. This could ease the residual stress imposed by plastic deformation and the 
toughness. However, an increase in graphite addition could lead to unwanted reactions and 
intermetallic.  
4. Conclusion 
The Ti (C0.9, N0.1) composites produced were sintered using spark plasma sintering with 0.5 wt. % 
and 1.0 wt. % of graphite. The microstructure obtained from the surface and cracked surface, the 
hardness and rupture surface were estimated utilizing SEM, XRD, and Vickers microhardness test. 
Conclusions are as follows:   
(1) As the graphite increases in weight percent the quantity of un-melted carbon particles increases 
and these affects the morphology changing from uniform grains to uneven. Pores and voids are 
additionally more prone to show up.  
 (2) All the composites are in Ti (C0.9, N0.1),  Ti (C0.9, N0.1) – 0.5 wt. % Gr, Ti (C0.9, N0.1) - 1.0 wt. 
% Gr phases. Furthermore, the measure of phases in Ti (C0.9, N0.1) composite is generally higher 
than other two composites. Besides, the intensity of Ti (C0.9, N0.1) increases with the increase in 
graphite particle size. 
(3) The 1.0 wt. % graphite composite possessed superior hardness and fracture toughness. The 
maximum average Vickers microhardness and toughness value were 24.32 Gpa at Hv10 and 45 ± 
3.4 J∙m−2 correspondingly, which is attributed to relative more amounts of Ti (C0.9, N0.1) - 1.0 wt. 
% Gr    solid solution and close-grained continuous structure.  
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Article four: The role of graphite addition on spark plasma sintered titanium 
nitride 
Status: Manuscript under review in Alloys and compound Journal 
Abstract 
Composites of titanium nitride reinforced with graphite were synthesized using spark plasma 
sintering at 2000 ℃. The effect of graphite addition on the microstructure, sintering parameters, 
relative density, and mechanical properties of TiN ceramics matrix were examined. The 
investigation was performed on TiN powder with varying graphite content for 8 h using an energy 
ball milling equipment. Results show that TiN without and with graphite (TiN+1wt.% graphite) 
sintered at 2000 ℃ recorded sintered relative density of 96.7% and 97% respectively. Additionally, 
TiN with 3 wt.% graphite had a relative density of 98%. However, the shrinkage of TiN+3wt.% 
graphite was observed to be the lowest compared to other composites at the same sintering 
conditions. Microstructural analysis indicates that the grain of titanium nitride in the composite 
was very fine and continuous. Subsequently, a bimodal particle sizes were observed when 5 wt.% 
graphite was dispersed in TiN. The highest Vickers microhardness of 23.5 GPa and fracture 
toughness of 6.5 MPa m1/2 were achieved with composites reinforced with 3 wt.% graphite at 
milling period of 8 h. The combination of TEM/EDS and HRTEM/FFT show a single pattern of 
diffraction and consistency in interplanar distance obtained from X-ray diffractometry of the 
milled sample. There is a clear coherence interface between the phases. 
Keywords: TiN, Graphite, Spark plasma sintering, Microstructure. 
1. Introduction 
Titanium nitride (TiN) is an important ceramic material widely recognized as the most captivating 
engineering ceramic materials due to its high thermal and electrical conductivities, high melting 
point (about 3200 K), low coefficient of friction, good chemical stability and corrosion resistance 
[1]. Graphite as a carbon-based material in this study is regarded as a good inhibitor to the 
formation of intermetallic binder compounds and proffer the risk of enhanced properties to the 
cermet. Graphite in view of their great financial values are effectively accessible and generally 
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referred to as a solid lubricant. Graphite could serve as a good material in the manufacture of self-
lubricating tools in powder metallurgy. On account of the excellent properties of TiN and graphite, 
there applications can be found in Jet motor parts, cutting tools, milling, sectioning, boring, etc. 
However, because of high melting point and low degree of diffusion of titanium nitride and 
graphite, TiN and graphite are hard to sinter as composites. Few articles are available on TiN–
graphite composites fabrication via powder mixing (in a Turbula Shaker Mixer) and thereafter 
sintering using a conventional sintering procedure, for example, Hot pressing or pressure-less 
sintering [2-5]  
Compared to other conventional sintering methods available in literatures, obtaining a very dense 
sintered composites have been ascribed to the utilization of spark plasma sintering (SP) on account 
of reducing grain growth in the composite structure, which could later offer the best mechanical 
properties of the sintered cermet. Among spark plasma sintering processes, a pulse D.C could be 
provided to a conductive die and the admixed powders. The admixed powders present within the 
die are consistently heated all around. TiN– TiB2 composite is conceivably sintered by spark 
plasma sintering just like other ceramic composites that cannot be completely densified by 
common conventional sintering processes [6].  Reactive spark plasma sintering of TiN– TiB2 
composites with different proportion of TiH2, BN, B and TiN were beforehand reported by [7] 
[8]. However, in view of its exothermic response, a completely dense body could not be acquired. 
Furthermore, high dense sintered TiN– TiB2 composites were acquired by hot-pressing at high 
temperatures. Nonetheless, prolonged sintering time is required which could result in the 
development of grain growth and bring about poor mechanical properties. On the other hand, 
conventional sintering techniques have been utilized to sinter submicron size titanium nitride, 
which resulted in low densification [9-11] [12]. Additionally, the development of grains within the 
microstructure of the sintered TiN contributes to the weakness observed in the mechanical 
properties of any  ceramic materials [7]. In other to improve the mechanical properties of ceramic 
materials, several reinforcing materials such as metal binders (iron (Fe), Nickel (Ni), Cobalt (Co), 
etc), nitrides, carbide, oxides and hydrides of several elements and compounds have been used to 
reinforced ceramic matrix materials according to [13-16]. From literature, we discovered that an 
improved mechanical properties of  any ceramic matrix composites could only possible with 
inclusion of secondary phase in the cermet [17]. Compared to any other sintering techniques, spark 
plasma sintering has been generally accepted because of its several advantages and its capacity to 
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sinter with minimum deficiencies, little holding time, good thermal stability and high temperature 
for short range of time [7, 18-26]. 
Notwithstanding, a few studies have been done on the improvement of sintering techniques, 
densification and mechanical properties of titanium nitride. However, there are a few difficulties 
encountered in order to fabricate a technological proven TiN ceramic without binders. 
Uncontrollable growth of grains in the developed TiN based ceramics composites has been a major 
problem. This major problem serves as a challenge for researchers to analyse different techniques 
to determine the current existing issues of such ceramics. 
Some studies have shown that the relative density of approximately 99% is possible for titanium 
reinforced with titanium diborides. Uniaxial pressure of 35 MPa was applied for a period of 10 
mins and thereafter sintered at 2100 oC [27]. Khobta et al. [7] reported poor mechanical properties 
for titanium diboride (TiB2) when sintered at heating rate between 112.5–300 oC/min. . Kitiwan 
et al. [28, 29] also obtained high hardness and fracture toughness (20.1 GPa and 4.3 MPa m1/2, 
respectively) when TiN is reinforced with TiB2 and hBN [28, 29]. Some additives such as 
hexagonal boron nitride, TiB2 and titanium oxides have been used to reinforce TiN in order to 
improve their thermomechanical properties [29-32]. 
The present investigation studies the sintering behaviours of TiN based cermets reinforced with 
graphite. The influence of graphite on the sintering parameters, microstructure, phase change and 
mechanical properties such as hardness and fracture toughness were examined. 
2. Experimental 
Titanium nitride (TiN) and graphite powders were utilized as presented in Table 1. TiN powder 
served as a matrix with graphite powder as reinforcement. Four varying compositions of TiN and 
graphite powders were developed (Pure TiN, TiN+1 wt. % graphite, TiN+3 wt. % graphite and 
TiN+5 wt. % graphite) and milled for 8 h in a high energy ball mill (HEBM Retsch PM 400, 
Germany) using WC-balls (with ethanol as milling medium) at a ball to powder ratio of 10:1, and 
speed of 250 rpm. Vacuum extractor was used to dry the sample for 2 h at 80 oC.  
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Table 1. Details of as-received powders and specifications. 
Matrix TiN  
Manufacturer  99 % wt. purity (600140 from China) 
Average particle size 1.15 m size, 3 kg net weight 
Reinforcement Graphite 
Average particle size 1.2 µm 
Manufacturer Sigma-Aldrich, South Africa 
 
The milled powders were then consolidated in a 20 mm diameter die via spark plasma sintering 
(model HHPD25, FCT Germany) at 2000 ºC, sintering rate of 100 ºC/min, applied pressure of 50 
MPa and holding time of 900 s.  The thickness of each sample after sintering was 4.5 mm.  The 
straight shrinkage of the samples amid sintering was observed by dislodging a punch pole [33]. 
The values of the density were estimated utilizing the Archimedes technique, and the relative 
density was ascertained from the hypothetical density of TiN (5.4 g cm−3) and graphite as (2.2 g 
cm−3).  
The phases present before and after sintering were analysed by X-ray diffractometry (PANalytical 
Empyrean) with Cu-Kα radiation. Microstructures were obtained by utilizing a field emission 
scanning electron microscope at 10 kV using FE-SEM JSM-7600F. The detail analysis of the 
milled powders was further characterized by high resolution Transmission electron microscopy 
(HRTEM) using FEI Themis-Z Double-corrected 60–300 kV S/TEM at University of Sydney 
nanoscience hub. A microhardness tester (FALCON 500 series) was utilized to determine the 
average Vickers micro indentation hardness and fracture toughness after five repeated 
experimental values at a load of 1 kgf [1, 5]. 
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3. Results and discussion 
3.1 SEM and phase analysis of as-received powders 
 Fig. 1a illustrates the SEM morphologies of TiN powders with a randomly distributed particles 
and average particle size less than 2.0 m while the graphite powder (see Fig. 1c)  has a flake-like 
morphology. The XRD patterns of the starting powders are shown in Fig. 1b and 1d. The 
crystalline phases detected in Fig. 1b are typical of pure TiN. 
 
Figure 1. SEM morphologies and corresponding XRD patterns of (a, b) pure TiN and (c, d) pure 
graphite. 
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The highest intensity peak for TiN powder was identified at peak position of 2θ = 42.6o which 
correspond to (200) plane, followed by other peaks at 2θ = 36.6 o, 61.8o, 74.1o and 77.9o, which 
correspond respectively to (111), (220), (311) and (222) planes of TiN. The highest peak intensity 
of 2θ = 26.6o was observed for graphite corresponding to (002) plane [1, 34]. Other peaks are 
located at 2θ = 44.3o and 54.5o corresponding to planes (101) and (004) respectively 
3.2 SEM and XRD analysis of the milled powders  
Fig. 2 shows the SEM morphologies of milled TiN with different proportions of graphite (1-5 
wt%). It could be seen that the powders display particles of different shapes and sizes. Furthermore, 
the milled powders also show some degree of agglomeration after milling for   8 h with some 
irregular, flaky and spherical morphologies which resulted in spongy appearance. 
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Figure 2. SEM micrographs and corresponding XRD patterns of the milled samples (a, b) TiN+ 
1wt.% graphite (c, d) TiN+3wt.% graphite (e, f) TiN+5wt.% graphite. 
Furthermore, there is a reduction in particle size after milling for 8 h when compared with pure 
TiN (in Fig 1a) to TiN with addition of 1-5 wt.% graphite as Fig. 2a, 2c and 2e. 
From the X-ray pattern of the milled powders as shown in Fig. 2b, it was observed that similar 
peak positions of 2θ = 42.6o, 36.6 o, 61.8o, 74.1o and 77.9o were detected which is quite similar 
to as-received pure TiN and FCC TiC0.3N0.7. This steady state in diffraction angles at ≈43o shows 
that all the samples exhibit the same lattice parameters due to dissolution of carbon (C), nitrogen 
(N) and titanium (Ti).  According to recent work done by Takamori et al. [35], titanium alloys can 
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only accommodate the maximum solubility of 0.2 at. % carbon. This percentage is observed to be 
conspicuously lesser than the percentage of graphite used in reinforcing the titanium nitride matrix 
in this study. As a result of the clear crystallinity of the milled powder, carbon (graphite) peaks 
were retained and there is no observable shift in the atomic scattering factors of titanium nitride 
which agrees with Lohse et. al. [36] and Ye and Quan [37]. We noticed a decrease in the peak’s 
intensity of titanium carbonitride as the percentage composition of graphite increases in Fig. 2b, 
2d and 2f.  Moreover, all the diffraction peaks position was observed to be in good conformity 
with normal NaCl type faced centre cubic (FCC) phase. This phenomenon was achieved as a result 
of decomposition of ethanol as the process control agent when allowed to react with TiN in the 
milling vials, also the reaction that exist among (Carbon C, Nitrogen N, and Titanium Ti). 
Dorofeev et al., [38] reported the formation of a completely stabled titanium carbide when TiCxHy 
was heated in a vacuum [38]. Changing the milling time has been confirmed as the important 
milling parameters necessary for milling titanium in toluene as the principal component analysis 
(PCA) to form carbon to titanium ratio by [39]. There is also a documented evidence that an in-
situ titanium carbide formation is possible when milling titanium and carbon because of diffusion 
propagated by mechanical induced self-propagating reaction [40]. In this experiment, we 
investigated the milling in wet condition so there are no signs of any high adiabatic temperature 
involved in the reaction at room temperature, which could be possible in dry milling [41-43]. The 
focus of this study is to produce TiCN of different C/N ratio that will give the optimum level of 
toughness for high speed cutting tools application without the application of  any metallic binders. 
Generally, TiN, TiC, TiCN and TiAlN have similar peak positions [44-47]. 
3.3 Densification behaviours and microhardness values 
Fig. 3 shows the sintering temperature against sintering time on the sintered TiN-graphite 
composites at 2000 oC. An applied pressure of 50 MPa was maintained all through the sintering 
regime. Firstly, the graphite die was pre-heated from 0 oC to about 250 oC and thereafter, incresed 
steadily to 2000 oC at a constant heating rate of 100 oC/min. At the peak temperature (i.e. 2000 
oC), the temperature was held for about 10 mins. Generally, the sintered composites display similar 
trend in the sintering temperature profile. 
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Figure 3. Sintering temperature against sintering time for sintered TiN without and with 1- 5wt. 
% graphite additions. 
Fig. 4 presents the rate of densification of the sintered composites. The parameters used in 
determining the rate of densification of the sintered samples are as follows; 
þrp = [þind/ts / (þfd- þind)] --                                                    (1) 
Where þrp = is the densification rates parameters, þind = is the initial density of the composite, 
þfd = is the final density of the composite and ts= sintering time 
Fig. 4 shows that the rate of densification of the composites commenced from 650 oC to 1700 oC. 
The displacement of titanium nitride–graphite composites follow the same trends, expecially 
within the temperature range of 1000 – 1800 oC [8]. It was observed that the rate of densification 
increases at 1 wt.% graphite and later decreases as the percentage weight of graphite content 
increases in the titanium nitride, which is a clear indication of difficulty encountered while 
sintering titanium nitride with an increase in carbon content. This is also in support of the statement 
“the densification of titanium alloys improves by lowering the C/TiN ratio” despite reducing the 
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volumemetric shrinkage due to conversion of titanium carbonitride. The sample with 1 wt.% 
graphite demonstrates the highest rate of densification at 0.45 s-1 as seen in Fig. 4 followed by 
sample with 5 wt.% graphite at 0.25 s-1 and 3wt.% graphite at 0.23 s-1. The highest rate of 
densification was obtained at 0.51 s-1 for pure titanium nitride matrix. The lowest rate of 
densification experienced by other composites could be as a result of segregated graphite in the 
titanium nitride which is clearly seen as pores and undissolved carbon in the microstructure in Fig. 
7. 
The relative density of the sintered composites is shown in Fig. 5. Addition of graphite to TiN had 
a mixed influence on the relative density attained by each composite. For 1 and 3 wt% graphite 
additions, the relative densities were 97% and 98% respectively. This could be as a result of 
graphite presence within the sintered compacts voids/pores. The relative density of the pure 
titanium nitride is 96.7% indicating the effeciency of the spark plasma sintering technique on the 
developed composites at 2000 oC. Generally, it could be seen that there is a slight increase in the 
relative density of the sintered composite reinforced with 1 and 3 wt.% graphite in titanium nitride-
based ceramic composites compared to titanium nitride without reinforcement. 
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Figure 4. Densification rate of sintered TiN without and with 1-5 wt.% graphite additions. 
 
 
 
 
 
 
 
 
Figure 5.  Relative density against the percentage weight of graphite in 1-5 wt% graphite (The 
error bar is the standard error based on five repeated experiment for each data points). 
Fig. 6 present the microhardness values obtained for sintered TiN composites without and with 
graphite additions. Generally, the hardness values increase as the graphite content increase up to 
3 wt.% graphite addition. The hardness values of pure TiN with 1-3 wt.% graphite at sintering 
temperature of 2000 oC are 21, 22 and 23.5 GPa at relative density of 96.5, 97 and 98% 
respectively. However, for 5 wt% graphite, it is clearly seen that the microhardness value 
significantly drops to 19 GPa. It could be stated that increasing the graphite contents above 3 wt% 
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in TiN could decrease the hardness of the composite. This could be attributed to the soft nature of 
the graphite which is present as agglomerates or along the grain boundaries of TiN matrix. 
Figure 6. Microhardness values against percentage weight of graphite in 1-5 wt% TiN. (The 
error bar is the standard error base on five repeated experiment for each data points). 
3.4.  SEM and phase analysis of the sintered composites 
Fig. 7. shows the SEM images and corresponding XRD of the sintered composites without and 
with graphite additions. From the micrographs, the grey areas represent TiN while the dark areas 
could be presented as the graphite respectively. Graphite dominated the entire region as dark phase 
in the micrographs which symbolized the secondary phase in the developed composite and 
observed to be uniformly distributed along the grain boundary with a more progressively 
homogenous microstructure. 
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Figure 7.  SEM micrographs and corresponding XRD of the sintered compacts; (a, b) pure TiN, 
(c, d) TiN+1wt.% graphite, (e, f) TiN+3wt.% graphite and (g, h) TiN+5wt.% graphite. 
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It can be observed from Fig. 7c, 7e and 7g that an increase in percentage composition of graphite 
after milling for 8 h and sintering at 2000 ℃ reduced the densification of the developed composites 
significantly which is confirmed in Fig. 5. It can be seen that very small amount of graphite phase 
is present within the TiN matrix forming an interfacial reaction. Most of the graphite are found 
within the grain boundaries and thereby restraining the widespread grain growth in the 
microstructures. At sintered temperature of 2000 oC, the grain shape was round or granular with 
little or/no measure of pores, demonstrating adequate densification. At the same sintering 
temperature of 2000 oC, as shown in Fig. 7, TiN grains was partially expanded by grain growth, 
while few grains were flattened and circular in shape and the grain size turned out to be 
considerably higher than that of the starting powder due to milling time of the powders. Grain 
growth with a polygonal shape can be seen as the graphite contents increases. A large pulse current 
flow in SPS process could have potential field impacts at particles contacts, i.e., high local 
temperature slope by [1, 34] and upgrade of mass transport [48] which would bring about a fast 
consolidation. The complex texture containing little TiN grains might be due to earlier phase of 
eutectic nature of TiN– graphite composite where the structure begins to shape core and rim phase. 
A similar texture was observed in eutectic matrix in the composite sintered by SPS [33]. 
XRD patterns in Fig. 2b, 2d, and 2f show complete formation of TiCN phase in the TiN-graphite 
composites. The diffraction angles of each peak remain at their respective 2θ degree positions 
before sintering as shown in Fig. 2. There is a sharp peak in the diffraction angle 2θ in Fig. 7f for 
each spectrum compared to 7b and 7d. This was reported in previous research study on the 
microstructural and phase evolution of spark plasma sintered graphitized Ti C0.9 N0.1 [49]. The 
highest peak intensities were obtained in Fig. 7f, all in accordance with (100), (110), (100) and 
(200) planes. The structural arrangement depends mainly on the relationship between 
carbon/nitrogen. 
It was also observed that all the planes are mainly TiCN contain some insignificant carbon 
(graphite) embedded in each of the diffraction peak intensities. The carbon atoms in the matrix act 
as a source of interference as diffraction occurs in plane (110). Therefore, increase in the graphite 
content automatically leads to a slight reduction in the peak intensity of plane (110). In addition, 
the planes corresponding to the index (111) has the highest peak in Fig. 7f.  
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3.5 TEM/EDS mapping of the milled powder 
Fig. 8a shows the HAADF/TEM image of the composite with 3 wt.% graphite in titanium nitride 
which is obviously the composite with the highest sintered density. The dark region of the 
micrograph is rich in graphite while the region with bright appearance is the TiN phase. The image 
in Fig. 8b presents a clear HRTEM (high resolution TEM) image of the spot coloured in yellow 
square with the corresponding fast fourier transformed (FFT) patterns. From the image, it can be 
observed that there is only single pattern of diffraction without any other discontinous spot as 
indicated in the FFT inserts in the HRTEM image in Fig. 8b. The indexing of the lattice planes 
was done using the distance from the origin known as the interplannar distance in the HRTEM. 
The interplannar distance obtained from the X-ray difrractometer results of this study show some 
consistency in the interface between the dark and bright region. According to Lauui T [50] and 
[50-52], they discovered some misfit in the dislocation of the two distinct interfaces in TiCN. The 
inserts in Fig. 8b shows some orientation at the interface and very close to the edge of titanium 
carbonitride particles. The crystal orientation of the TiCN has a direction close to [220],[022],[224] 
and [20-2] planes. Due to the same direction of crystal; it is believed that a perfect coherent 
interface is developed between the graphite and titanium carbonitride particle boundaries. The 
sodium chloride type of titanium carbonitride is formed at the top surface layer because of the 
increase in the packing density [53]. Hence, it can be concluded that the high energy ball milling 
process has played a significant role in the development of the TiCN. Similar trend was noticed in 
the reseach study of Xiong and Park et al on the titanium carbonitride/Nickel interface with some 
orientation of planes [54]. The EDS mapping in figure 4 shows the unform distribution of graphite 
in the titanium nitride matrix because of the process used during the milling stage of the powder. 
These elemental distributions could help in increasing the thermal conductivity of the composites.  
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Figure 8. (a) HAADF/ EDS mapping of 3wt.% graphite powder and (b) HRTEM/FFT of the 
powder. 
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3.6 Fracture toughness of the sintered composites 
Fig. 9 shows the effect of graphite contents on the fracture toughness of the developed composites. 
The results show that 1 and 3 wt.% has remarkably improved the fracture toughness of the 
composites but further increase of 5 wt.% graphite in the TiN matrix increase the fracture 
toughness to 8.5 MPa m1/2, which indirectly weaken the mechanical properties of the composite.  
The fracture toughness of 6.5 MPa.m1/2 for 3wt.% graphite in the sintered composite was better 
compared to pure TiN, 1wt. and 5wt. % of graphite composites as shown in Fig. 9 
 
 
 
 
 
 
 
 
Figure 9. Fracture toughness against percentage weight of graphite in TiN (The error bar is the 
standard error based on five repeated experiment for each data points). 
4. Conclusion 
In this study, titanium nitride–graphite composites were fabricated by spark plasma sintering (SPS) 
at 2000 ℃. The pure TiN and 1 wt.% graphite TiN composites displayed relative densities of 96.7 
% and 97 % respectively. A completely densed TiN– 3wt.% graphite composites of 98 % were 
achieved at the same sintering temperature of 2000 oC. The TiN– 1wt.% graphite composite 
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displayed the highest densificattion rate amid the milled samples. The TiN– 3wt.% graphite 
composite sintered at 2000 oC have the highest hardness with fracture toughness of 23.5 GPa and 
6.5 MPa m1/2 respectively.  The Spark plasma sintering at sintering temperature of 2000 oC can be 
used to sintere a completely densified TiN – Graphite composites, and results in the highest 
mechanical properties if the weight percent of graphite is carefully controlled. 
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Article five: Microstructural analysis of TiN-Graphite composites prepared 
by spark plasma sintering 
Status: Manuscript submitted to Journal of materials and design. 
Abstract 
The effects of milling time on the particle size distribution (PSD), densification, microstructure 
and hardness of spark plasma sintered (SPS) TiN + Graphite ceramic binary alloys were studied. 
Nine samples containing (1, 3, and 5) wt.% graphite in titanium nitride matrix for 8, 24 and 40 h 
of milling were spark plasma sintered at temperatures of 1800 °C for holding time of 10 min. under 
pressure of 50 MPa. The relative density and hardness increased as milling time progresses from 
24 to 40 h, but the relative density, hardness, and particle size decreased at 8 h of milling for all 
the selected composition of graphite used as reinforcement for titanium nitride. The 
microstructural analyses showed that a fully sintered TiN + Graphite binary alloys can be achieved 
at the SPS temperature of 1800 °C, with no significant grain growth. The relative density and 
Vickers hardness of the TiN + Gr ceramic alloys, sintered at the optimal milling period of 40 h for 
1 wt. % graphite, reached 99.24 % and 13.90 GPa respectively. 
Keywords: Milling, TiN, TiCN, Graphite, sintering, Microstructure, Hardness. 
1.0 Introduction 
Recently, in many industrial applications like high speed cutting tools, gas sensing, photo catalysis, 
electrochemical devices, applied ceramics and the health sectors; metal nitrides and metal carbides 
are constantly replacing conventional materials. A good number of these materials (for example 
composites) contain carbide or nitride of nanoparticles of transition metals embedded in the matrix 
composites. Researchers globally have developed interest in nanostructure/particle materials with 
diverse morphological appearance which contains hollow structures inform of (needles, capsules, 
particles, spheres, cube, fibers and plates due to the following specific properties; (a) large surface 
areas (b) enhanced chemical stability (c) thin walls (d) toughness (e) ionic conductivity (f) 
electrical properties and (g) low density.[1-5] Spark plasma sintering as a typical solid state 
reaction process has been identified as the best sintering method because of its economic and 
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environmental friendly techniques of fabricating metal carbide and nitrides; other noticeable 
benefit of this perspective methodology is that the latter products are frequently crystalline [6]. 
Metal carbide and nitride have unrivaled properties like: (I) corrosion and wear resistance [2, 7], 
(II) good electronic properties [2] (III) high melting point [8] and good catalytic properties [9] 
when contrasted with a few pristine metal oxides such as HFC, SiC, TiC and TiN have been 
utilized in various ceramic exploitation because of its high melting temperature and resistance to 
wear [10]. 
The working principle of spark plasma sintering (SPS) is centered on the instantaneous usage of 
some crucial parameters such as the axial pressure, high temperature, high and low voltage at a 
low mode attached with fast moving electric current on compacted powder materials [11] 
compared to some conventional sintering techniques like hot-pressing. In this method, the powder 
bed used for heating source known as joule effect received the pulse direct current. Because of its 
exceptional properties and source of heating, spark plasma sintering is frequently used for 
determining the densification of any sintered composites especially the cermet materials [12, 13]. 
Spark plasma sintering is an inspiring sintering for consolidation of powders and can also be used 
for the preparation of ceramic and composites powders [13, 14], functional materials [13, 15] and 
metallic materials [13, 16].  
Titanium nitride (TiN) is a strong ceramic material because of its unique properties like high 
temperature, corrosion resistance, good thermal conductivity, and chemical stability for ultrahigh 
temperature applications such as cutting tools materials, crucibles, and wear resistance. It can also 
be applied as bimetallic protection in light weigh armors. The monolithic TiN and Ti-based  
ceramics composite through conventional method of production has a high elastic modulus of 550 
± 50 GPa, high hardness value of 31 ±4 GPa and high strength even at ambient temperature [17-
19]. Moreover, sintering of TiN matrix composites by means of conventional sintering techniques 
like hot pressing, pressure-less sintering, hot isostatic pressing (etc.) to achieve optimal 
densification has been very difficult to obtain. This could be attributed to high melting point and 
covalent characteristics of the bonding that exist between Ti and N as well as the diffusion rates 
that occur as a result of their grain boundary with bulk density [20].  
Graphite as one of the carbon-based materials has been verifiably utilized in pencil industry. In 
eighteenth century, graphite was shown to be an allotrope of carbon. Graphite because of its soft 
and slippery appearance can be used as a lubricant in some heavy industrial machines. The 
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arrangement of its carbon atoms informs of hexagonal structure contributes to its self-lubricity and 
the slippery nature. The carbon atoms are strongly bonded to their closest carbon atoms in graphite. 
Graphite is a fascinating material particularly for high temperature applications because of its high 
strength and fracture toughness, layered structure which empowers its self-lubricating properties, 
high melting point and good thermal shock resistance. Such properties make graphite 
comprehensively valuable in composite materials [21]. 
Therefore, to achieve required titanium nitride or titanium carbonitride, an extreme temperature 
above 1700 oC are generally required to densify TiN powder. Nonetheless, abnormal growth of 
grains may develop and resulting to microcracking which is quite deleterious to the expected 
mechanical properties of the sintered sample. The anisotropy of the FCC structure of the grain may 
cause some internal stresses and probably degenerate to self- acting microcrack during cooling as 
a result of increase in grain size above critical range. Besides, surface oxides impurities begin to 
set in (in the form of TiO2, N2O2) on the powder surface causing a major harm to the densification 
level of the sintered product. It was found that graphite incorporation in the TiCN matrix modifies 
their sinterability and increases the densification [19]. Currently, most of the Cermet materials 
developed contain high amount of metal contents as binders which are inappropriate for high speed 
cutting tools due to brittleness even at high temperature. 
This work seeks to determine the impact of milling time on the particle size distribution and its 
generally on the densification, microstructure and mechanical properties of titanium nitride matrix 
reinforced with graphite using spark plasma sintering techniques. 
 
Table 1. Sample’s Identification, compositions and milling details 
Sample ID Graphite (Gr)-as reinforcement (wt%) Milling durations (h) 
TiN–Graphite 1 8 24 40 
TiN–Graphite 3 8 24 40 
TiN–Graphite 5 8 24 40 
As–received Graphite 100    
As–received TiN 0    
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2.0 Methodology 
2.1 Materials and methods 
The as – received TiN powder purity is greater than 99 % (from Sichuan province at Panzhihua, 
China). The mean particle size of the TiN is 1.15 µm, and 3 kg net weight. Graphite has an average 
particle size of 1.2 µm (from Andrich in South Africa). Ethanol of 99.99 % purity was used as the 
process control reagent to enhance the milling process effectively in other to avoid cold welding. 
The titanium nitride powder was milled with 1wt.%, 3wt.%, and 5wt.% graphite in TiN – based 
ceramic matrix for period of (8, 24 and 40) h respectively. All the milling times was carefully 
observed for each composition of graphite milled with the titanium nitride matrix. Wet milling was 
observed throughout the milling periods with 99.99 % purity ethanol as a process control agent 
together with a tungsten carbide pots and ball in high energy ball milling HEBM equipment (by 
Retsch 400 pm) from Germany. Graphite was used as reinforcement in this study because of self 
–lubricating properties and other significant mechanical properties. Table 1 presents detailed 
identification, composition and the milling time observed on each sample. 
The ball to powder ratios of 8:1 was used to calculate the quantity of each powders and the weight 
of balls in the tungsten carbide lined vials with tungsten carbide balls for milling at 250 rpm. The 
selected composition of graphite was observed in accordance to previous research work of [22]. 
During the milling process, the HEBM machine was automatically programmed to rest for 10 mins 
after 60 mins of milling to avoid unnecessary over heating within the milling vials. The milled  
powders were taking out after every (8, 24 and 40) h of milling. Each powder after the selected h 
were collected and dried inside a vacuum extractor for 3 h at 80 oC, particle size of the ad-milled 
and the TiN powders were detected using Microtrac particle size distribution (PSD). Subsequently, 
the ad-milled powders were injected in between the graphite die, the plunger and the powder for 
quick removal of the sintered sample. The parameters used during the sintering process are 
temperature 1800 oC, pressure, 50 MPa, time 30 mins, and 10 mins intervals. Careful monitoring 
of the sintering temperature was done using optical pyrometer placed at a close distance to the 
surface of the graphite die.  Archimedes principle was used to determine the density of the sintered 
compact. Schottky Field Emission Scanning Electron Microscopy (Zeiss Ultra Plus, Aztec 
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integrated EDS and EBSD) detector at an accelerating voltage of 20 kv was used to analyze the 
microstructure of the powder and sintered compact.  
The phase identification was done using the X-ray diffractometer PW 1710 by Philip 
diffractometer attached with copper target Kα as radiation with 40 kV and 40 mA to determine the 
occurrence of different constituent phases present in the sintered composites. High score X’pert 
software was used to extract and analyze the raw data generated from the X-ray diffractometry 
machine. The distribution of graphite in titanium nitride powder particles was achieved by 
Transmission electron microscopy by FEI thermis -Z Double – corrected 60-300 kv S/TEM at 
university of Sydney nano-hub. The TEM powder was produced by ultrasonicating the powder for 
30 mins and later swabbing copper grid inside the ultrasonicated fluid then allowed to dry for 1 h 
inside a vacuum chamber. The hardness of the sintered samples was carried out using (FALCON 
500 Series) at 500 gf loads. Dwell time of 10 s was allowed on the polished samples at room 
temperature. 
The sintered samples were grinded and polished via mechanical/metallographic processes using 
fluid substance known as colloidal fume silica in other to obtain a stress-free surface on the 
polished sample. The samples were exposed to polishing with this colloidal silica for 25 mins to 
ensure that high quality pattern on scanning electron microscope/electron backscattered diffraction 
equipment. The analysis of the EBSD was done by a zeiss ULTRA PLUS scanning electron 
microscope attached with Schottky field emission gun for microstructural investigation. The 
EBSD diffraction pattern was achieved via a Nordlys-Nano electron backscattered detector for 
imaging by Oxford instruments. The Aztec software was attached to the Oxford instrument for 
processing the EBSD results. To achieve a good quality EBSD scan images, angle was set at 70o 
for tilt correction with very good dynamic focus. The SEM images were carried out by beam 
energy at maximum of 20 kV with the step size of 250 nm to ensure proper capturing of the smallest  
grain size. 
3.0 Results and discussion 
3.1 High energy ball milling impacts on the particle size distribution of the powders 
The graph presented in Fig. 1 demonstrate the percentage cumulative frequency of volume against 
particle size of the pure titanium nitride and the milled powders at different compositions of 
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graphite in titanium nitride matrix under various conditions. The cumulative frequency shows that 
up to 80-85% 0f the milled powders have reduced to less than 1µm compare with the pure titanium 
nitride powder which has 70 -75% cumulative frequency up to 1µm size. The particle size 
distribution diminished quickly during the milling process and all the milled powder samples tends 
to be stable at less than 1µm size for over 95% cumulative frequency for all the milling time 
observed (8, 24, and 40 h) aside the pure titanium nitride at 75% frequency which is a clear 
indication of milling effect on the admixed powders. The size of the particle decreases to similar 
dimension at very close cumulative frequency even at low and high milling time. It was clearly 
observed during the experiment that at higher milling time of 24 h for each composition used ; the 
size of the particles diminished quickly at the initial h and afterward changed to minimum particle 
size at 24 h of milling. Nonetheless, a slight increment in particle size was realized with increasing 
processing (milling) time of 40 h.  
 
 
Figure 1. Cumulative frequency curve against particle size of all the powder sample as a 
function of milling time in (h). 
The scanning micrographs of the powder sample before and after ball milling were presented in 
Figs. 7 and 8. It can be inferred that the as-received titanium nitride and graphite powder has some 
sporadic shapes and graphitic flakes respectively in Fig. 7(a & b). There is a substantial decrease 
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in the particle size of the titanium – graphite powders after ball milling for 8 and 24 h respectively 
from 1µm to less than one micron for the observed milling periods. The flakes in graphite particles 
were fully entrenched in the titanium nitride particles. At the point when the milling/processing 
time arrived 24 h, very clear and distinct fine particles of titanium nitride-graphite powders 
consistently consolidated, and a complete composite structure was accomplished. Nevertheless, as 
the processing/milling period extended to 40 h, no noteworthy sizes of particle reduction can be 
additionally realized in the structure. A very clear and high-resolution micrograph of all the milled 
powders in between 8 h, 24 h and 40 h are presented in Figs. 8(a-i) and majority of the particle 
sizes tend to agglomerate in some areas after processing time of 24 and 40 h respectively. 
3.2 The effect of milling/processing time on the phase analysis of the powders 
In other to investigate the crystallographic phase changes of as-received and the milled powders, 
all the ad-milled powders including the pure titanium nitride and the graphite as reinforcements 
were analyzed using XRD and the results are clearly presented  in Fig. 2. All the milled sample 
were observed to display similar trends of peak intensity with the pure titanium nitride powder, 
there is no new observed for the whole milled powders. This is clear indication  that there is no 
substantial reactions responses occurred, and the changes in the intensity peaks can be found in 
the following plane orientations [111], [200], [220], and [311] in the XRD plots for all the milled  
powders, which decreases for over 60% after milling for 8,24,and 40 h respectively. All the peaks 
intensity of the as-received samples has the same phases and all in the same plane direction for 
standard X-ray diffractometer plots of TiN and graphite respectively indicating the purity and 
uniformity of the powders used in this study. The peaks intensity of [111] and [200]  decrease 
respectively from 4.5 x103, 7.2x103 to 3.8x103, 4.38x103 counts per s for 8 h of milling and later 
increases as the milling time progresses to 7.0x104,7.5x104 and 4x104, 4.8x104 counts per s for 
24 and 40 h respectively.  Nonetheless, the peak intensity obtained for titanium nitride powder at 
[220] increases from 1.5 x 103 counts per s to 3.6 x103counts per s for the powders milled for the 
period of 8 h and the intensity peak extended till 7.1 x10 4 counts per s for 24 h before its reduces 
to 4.2 x 10 4 counts per s. The same crystalline graphite was reported by Forssberg and 
Pourchahramani [23]. There is no any observable shift in the angle of diffraction for all the milled  
samples as seen in Fig. 2 and 3. Based on the crystallographic study observed in Figs 2 and 3, it 
could be inferred that there is some level of consistency in the in the diffraction angles position 
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and the means size of the powder particle according to PSD in Fig. 1[24]. The finer the particle 
size of any materials the better and larger the areas of contact of each particle with each other and 
the mechanical properties are improved. This could lead to some lattice distortion propelled by 
some reaction activity as a result of process of milling. This could lead to some lattice distortion 
propelled by some reaction activity as a result of process of milling. 
 
Figure 2.  X-ray diffractometry of (a) as-received graphite, (b) as-received titanium nitride 
powders. 
The X-ray diffractometer patterns of the milled powders mixed with ethanol in Fig. 3 shows that 
all the peaks correspond to fcc-TiC0.3N0.7 phases, there are no isolated peaks for titanium or 
graphite as a segregated phases in the composite powders, even though there is no observable 
traces of unwanted materials reacting with the powder samples. All the corresponding X-ray 
diffraction showed the present of titanium carbonitride for all the milled composites fcc-TiC0.3N0.7 
phase. 
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Figure 3. X-ray diffractometry of the ball milled TiN + graphite for (a) 8 h of milling, (b) 24 h of 
milling, and (c) 40 h of milling at varying weight percent of graphite. 
 
3.3 The effect of milling/processing time on the phase analysis of the sintered compacts 
The effects of milling time on the phase analysis of the sintered compacts are presented in Fig. 4. 
The X-ray diffraction pattern of all the percentage weight percent of graphite in titanium nitride 
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for 8 h synthesis at 2000 oC demonstrates practically most of the intensity peaks present in the 
XRD pattern of have the same phase with fcc-TiC0.3N0.7 phase. This is a clear indication that TiN 
was absolutely absorbed in the reaction to form titanium carbonitride. All the peak intensity along 
the same plane orientation of fcc-TiC0.4N0.6, and TiC0.2N0.8 phases shown in the X-ray diffraction 
for TiN + graphite prepared at 2000 oC are consistent and uniform in diffraction angle 2 theta 
position with the presence of comprehensive sintering and densification. After the spark plasma 
sintering is completely done at 2000 oC the peaks with plane [100] has completely vanished 
without any traces in all the XRD peaks of the sintered compacts. There were not any traces of any 
residual graphite or titanium nitride as a monolithic phase present in all the X-ray diffraction plots 
for all the sintered compacts. Direct comparison technique was used to calculate the amount of 
fcc-phase by means of peaks intensities planes at [111] TiC0.4N0.6, [200] TiC0.4N0.6, [220] 
TiC0.4N0.6, and [311] TiC0.2N0.8 detected from the high resolution X-ray diffraction patterns as 
presented in Fig. 4 of this study [25]. From this estimation it could be concluded that there is less 
than 10% of the TiN matrix remains in the sintered compacts in all the compositions used to 
develop the materials. There are no traces of any binders present in all the sintered composites. 
Thus, the complete formation of   TiC0.4N0.6, and TiC0.3N0.7 as spotted X-ray diffraction patterns 
graphite reinforced with titanium nitride for 8, 24, and 40 h of milling respectively. This trend of 
transformation is also in agreement with the similar research conducted by [26]. 
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Figure 4. X-ray diffractometry of the sintered TiN + graphite for (a) 8 h of milling, (b) 24 h of 
milling, and (c) 40 h of milling at varying weight percent of graphite. 
All the crystallographic requirements for assessing the lattice parameters of the stoichiometry 
coefficient of developed TiN-graphite composites were carried out by Vergard idealized law based 
on linear estimate, both the graphite and the TiN diffused into each other to form a single fcc-
TiC0.4N0.6, TiC0.3N0.7 phase with similar lattice parameters. There are no significant changes in the 
lattice parameters for all the FCC phases formed as titanium carbonitride in the XRD profiles. 
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Because of the diffusion process between the TiN and the graphite the percentage composition of 
nitrogen in the developed TiCN is higher compared to the TiN powder.  
3.4 Effect of milling time on the Raman spectroscopy of titanium nitride + graphite 
composite powders  
The damaged assessment of reinforcement in any matrix materials is very crucial to the 
development of any composite materials. Therefore, the equipment known as Raman spectroscopy 
as a standard and latest machine can used assess the integrity of reinforcement in the microstructure 
of spark plasma sintered composite samples. The Fig. 4 of this manuscript demonstrate the Raman 
spectra of pure titanium nitride, 1, 3, and 5 wt.% of graphite in titanium nitride powders for 8, 24, 
and 40 h respectively recorded at room temperature. The stoichiometric coefficient of ceramic 
nitride or carbide of titanium TiC or TiN crystal structure does not have any Raman dynamic 
vibrational modes according to Lohse [27]. The spectra of Raman on spark plasma sintering of 
titanium alloys normally display three broad strong peaks of which the longest peak is symbolized 
by D bands and the other two equal bands indicate the G bands for all amorphous carbon materials 
as appeared in Fig.  4 (a-b) and 5(a-c) [28-34]. The peaks of the two significant bands known as D 
and G bands has its peaks around D = 500 cm-1 and the G bands are in between 400 cm-1 and 700 
cm-1 respectively [35]. The Sp3 hybridization of - reinforced structure causes D band and in-plane 
vibrations of Sp2 bonds in control of G band [36]. The graphitic carbon in the titanium nitride 
matrix is being activated by the structural defect and the disorderliness, which is indirectly 
resulting to integrity of the graphitic carbon in the matrix [37, 38]. It could be speculated that there 
is perhaps some unreacted carbon with titanium nitride which have framed some amorphous 
carbon structure and forms at the surface layers of the sintered samples during the sintering process 
[27]. Besides, there is not any observable peaks in the Raman plots of TiNx as less than 1 (x < 1) 
are obvious which generally ought to be situated at around 900, 1000, 1500, and 2000 cm-1 [31, 
34]. Likewise, there is no proof of TiN and TiC phases which generally ought to be situated at 
around 900, 1000, 1500, and 2000 cm-. This demonstrates the efficiency of the process control 
agent utilized during the milling period. 
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Figure 5.  Raman spectra of (a) as-received graphite and (b) as-received titanium nitride 
powders. 
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Figure 6. Raman spectra of the ball milled titanium ntride reinforced with graphite for (a) 8 h, 
(b) 24 h, and (c) 40 h of milling. 
3.5 Particle size evoltuion of as-received and milled powders 
The image in Fig. 7 (a and b) shows the scanning electron micrograph of TiN and the micron sized 
of graphite as matrix and reinforcement powders respectively. Titanium nitride powders is usually 
identified with sporadic and well dispersed grains with no agglomeration between the particles 
while graphite are has some flaky shaped particles well dispersed without clustering together. Fig. 
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8(a – i) shows the structural evolution of TiN+graphite powders particle size exposed to 8, 24, and 
40 h of milling. The ad-milled powders particles and the sintered compacts was analysized by 
Zeiss ULTRA plus high resolution scanning electron microscope attached with EDSand EBSD 
with the angle of tilt for the EBSD as 70o . The position of the camera for the EBSD scan was 
adjusted to 174 mm for high resolution image. The admilled TiN+graphites powders have some 
numerous shapes with an asymmetrical form. Some flaky shapes was observed whem small 
percentage of particles was deformed while some of them become smoothed. Because of collision 
and rolling activity in the midst of the powder and the tungsten carbide pots and balls utilized as 
the media for millingand production of flaky form of the particles. Level of flakiness  can be 
contingent on the twisting property of the powder or the  malleability and the degree of alloy 
imposed by the tungsten carbide balls. The micrograph in Fig. 8 (a,b,c to i)  shows the enlarged 
regions of milled powders for 8, 24 and 40 h for different graphite contents. Due to prolonged 
milling time on the powders in Fig. 8, the sporadic and flaky shapes of TiN and graphite particles 
are not properly arranged thereby causing the particles to fuse together and grain growth begins 
which is primarily casued by cold wlding as seen in Fig. 8 (b, c, f and h). 
Fig. 9 shows the micrograph of sintered compacts with some porous surface layers. Arrows are 
used in the manuscript to describe the directions of the porous sections in the micrograph. The 
samples in Fig. 9(a to i) reveals clearly that most of the micrographs contains some major and 
minor porosity. 
 
 
 
 
 
 
 
 
Figure 7. SEM-SEI image of as-received (1) TiN and (B) graphite powders 
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Figure 8. SEM-SEI image of TiN+graphite powders ball milled with different milling times (a) 1 wt.% graphite 8 h, (b) 3 wt.% 
graphite 8 h, (c) 5 wt.% graphite 8 h, (d) 1 wt.% graphite 24 h, (e) 3 wt.% graphite 24 h, (f) 5 wt.% graphite 24 h, (g) 1 wt.% graphite 
40 h, (h) 3 wt.% graphite 40 h and (i) 5 wt.% graphite 40 h. 
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Figure 9. SEM-SEI image of sintered TiN + graphite with different milling times (a) 1wt.% 
graphite 8 h, (b) 3 wt.% graphite 8 h, (c) 5 wt.% graphite 8 h, (d) 1 wt.% graphite 24 h, (e) 3 
wt.% graphite 24 h, (f) 5 wt.% graphite 24 h, (g) 1 wt.% graphite 40 h, (h) 3 wt.% graphite 40 h 
and (i) 5 wt.% graphite 40 h. 
The microstructural evolution of all the sintered compacts in Fig. 9(a-i) reveals that all the 
developed composites display two distinct features as the percentage weight of graphite / milling 
time progresses: one difference size of porosity and changes in the formation of the sintered 
compacts in terms of homogeneity. Several numbers of macro-pores were observed in all the 
micrographs presented in Fig. 9(a-i) at temperature of 2000 oC. It is clearly revealed that the 
fraction volume of pores in all the micrographs increase as the percentage composition graphite 
increases in the TiN matrix. Which are all in agreement with the relative density of the sintered 
composites as presented in Fig. 10. We notice some bright white particles in all the micrographs 
based of the secondary electron mode of the scanning electron microscope images, indicating some 
intermediate phases obtained in TiCN. Samples becoming more denser when exposed to 40 h of 
milling compared to others exposed to 8 and 24 h. 
3.6 Electron backscattered diffraction (EBSD) and Transmission electron microscope 
(TEM) 
Fig. 10 reveals some detail results of the EBSD images of (TiN + 1wt.% graphite, TiN + 3wt.% 
graphite, and TiN + 5wt.% graphite) composites milled for 40 h with improved mechanical 
properties. The EBSD images show the different grain boundaries and their sizes. The electron 
backscattered images in Fig. 10 shows some selective arrangement of ceramic network joined 
together in a continuous manner. All the rim and cores appeared in a single crystallographic 
structure and the same lattice parameters are common features of both the core and rim st ructure. 
There is no significant variation in the lattice parameters. 
 Fig. 10 (c) shows the equivalent FFT patterns of the high resolution TEM images of the areas 
designated as yellow square box. Both the rim and the core phases in the structure have uniform 
phases with similar patterns of diffractions, the estimated interplanar distance for the unit cell of 
rim and cores for plane [111] are represented as 4.247 Å with good coherency and lattice 
mismatching of (þ = 0.99%). These outcomes were opposing to the report of Laoui et al, [39] and 
Cutard [40]. Their studies show some dislocation misfit in the core and rim interface of titanium 
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carbonitride reinforced with some metallic binders like Ni, Mo etc. the pole Fig. shows that most 
of the developed composites displayed the same orientation distribution in all the grains. 
 
Figure 10. Scanning electron microscopy/electron backscattered diffraction image of high-
resolution sintered TiN + 5 wt.% graphite; (a) secondary electron image (Band contrast), (b) 
orientation image map (OIM), (c) orientation images of the graphite reinforcement, (d) the 
recrystallization faction of the grains and the corresponding inserts of inverse pole Figs of the 
carbonitrides 
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Figure 11. (a) TEM micrograph of milled TiN + 5wt.% graphite powder (b)High resolution 
TEM incorporating FFT of TiN + 5wt.% graphite powders. 
Fig. 11 reveals bright field transmission electron micrograph of cermet with TiN+1wt.%graphite 
composition milled for 40 h. This cermet shows clearly the same plane orientation as the XRD 
results of the sintered samples. The region with the dark phase contains the graphite reinforcement 
while the bright grains showing non-uniformity in the shape for core and the rim symbolized the 
TiCN phase. 
Figure 12 presents the electron backscattered diffraction images of (a) TiN + 1wt.% graphite, (b) 
TiN + 3wt.% graphite and (c) TiN + 5wt.% graphite all in 40 h of milling for further examination 
of the accurate phase distinguishing proof of the sintered composites. The EBSD maps showing 
the crystallographic orientation of various grains with the phase analysis and microstructures are 
presented in figure 12. The inner and outer rims present distinctive direction of uniform fcc -phase. 
The grain boundary is still obviously evident in the orientation maps [41]. Nevertheless, all the 
EBSD maps show an equiaxed grains. The microstructure demonstrates some coarse and fine inner 
and outer core rims with the growth of TiCN grains. The crystallographic structure was notable 
for face center cubic with very close lattice parameters of 4.25 Å, 4.27 Å, and 4.23 Å respectively 
[42, 43]. 
(a) (b) 
1000 nm 
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Figure 12.  Electron backscattered diffraction images of sintered (a) TiN + 1 wt.% graphite, (b) 
TiN + 3 wt.% graphite and (c) TiN + 5 wt.% graphite all in 40 h of milling. 
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Figure 13. Different average crystallite size (ACS) in (nm), average lattice strain (ε) and average 
relative density (Ard) % with ball milling time on as received and milled powders.  
The estimated values of average crystallite size, lattice strain and relative density of the titanium 
nitride + graphite milled in argon environment follow sinusoidal trends when comparing the plots 
with each other are presented in Fig. 13. It is reported that lattice strain is affected by the milling 
atmosphere as well as the solid-state dissolution kinetics amongst the constituents of the powder 
particles. The sinusoidal trends reveal that the lattice strain of the milled powders increase as the 
crystallite size decreases for all the developed composites in the argon environment. More 
stoichiometry values of nitrogen could be produced as a result of disintegration of molecules of 
nitrogen in the powder mixtures. The smaller radius of the 0.1nm permit easy diffusion of atoms 
in the interstitial sites of powders stoichiometry, the pure TiN, sample D and I shows significantly 
higher diameter of 238 nm, 239 nm and 240 nm respectively in Fig. 11. Due to the nature of the 
powders, the crystallize sizes will not be easily exposed to volumetric strain which could impede 
the compressive strain induced on the powders by ball milling and the cold compression force 
applied. As the milling time and percentage composition of graphite increases the lattice strain 
increases while the crystallite and relative density follow the same trends. Hence, the environment 
used during the milling has contributed immensely to the lattice strain and the crystallite size of 
the powders due to nitriding or de-nitriding effect in the argon environment. The partial dissolution 
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of the graphite atoms in titanium nitride has contributed to an increase in the crystallite size from 
120 nm to 245 nm. Because of the dissolution of the nitrogen atoms in the FCC TiC0.4N0.6 and 
TiC0.3N0.7 the major reason for lattice strain decrease was graphite by replacing the nitrogen 
atoms in its interstitial cites. The major reason for the high relative density above 100 % was 
attribute to the level of impurity and undissolved graphite in the sintered compacts.  
Significant effect of sintering temperature against time on sintered: The main reason of preparing 
different composites for sintering are to exploit the correct densification mechanisms at various 
milling time using the same sintering temperature. It is expected that the prepared samples should 
achieve a higher relative density at a high sintering temperature because of diffusion controls 
process at the grain boundaries. As the sample keeps undergoing densification there is restrictions 
of grain growth. Based on this investigation, all the materials are subjected to the same temperature 
of 1800 oC, no preservation of heat on all the samples until the temperature attain 1800 oC and 
allowed hold for 5 mins inside the spark plasma sintering. The plots of sintering temperature 
against sintering time are shown in Figure 14.    
All the titanium carbonitride cermets sintered at 1800 oC are totally densified except some 
undissolved graphite that increase the relative density of sample with 1 wt.% graphite for 24 h, 3 
wt.% graphite for 24 h and 5 wt.% graphite for 40 h above 100 percent. All the other sample has 
better mechanical properties. Full densifications are accomplished when the remaining samples 
were sintered at the same sintering temperature of 1800 ℃ [44, 45]. The hardness of all the sintered 
samples were all improved except the pure TiN and 1wt.%graphite for 8 h of milling, this can be 
attributed to prolong h of milling on the sintered samples. 
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Figure 14. Effect of sintering temperature against time on sintered compacts 
The essence of sintering is to ensure proper mechanisms of achieving better densification at 
varying sintering temperatures. Usually, it is expected of the powder samples to attain optimum 
relative density at elevated temperature because the densification process is generally controlled 
or determined by the powder particle size and the diffusion control mechanism at the grain 
boundaries. At this point, there are restrictions in the grain growth while the densifications are in 
progress. All the samples developed samples attain higher densification at 1800 oC including the 
pure titanium nitride sample. The detail mechanical properties of the sintered compact are 
presented in figure 15 (b). The TiN-graphite powders prepared by spark plasma sintering shows 
that all the composites attain full densification at 1800 oC. The samples show some remarkable 
improvement in the hardness, strength and toughness of the developed composites compared to 
pure titanium nitride. All the powders milled for 8 and 40 h shows some significant improvement 
in their relative density compared to sample milled at 24 h for various weight percentage of 
graphite added. The relative density exceeds 100% because of some impurities or undissolved at 
the same (1800 oC/50 MPa /5 min) for all the samples. 
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3.7 Mechanical properties of the sintered compacts 
The micro hardness and the relative density of graphite reinforced with titanium nitride matrix are 
clearly represented in Fig. 15(a and b). All the titanium carbonitride composites developed from 
the combination of both powders possess some variations in mechanical properties. All the 
composites were completely densified except some composites with the relative density above 
100% which could be attributed to undissolved carbon in the sintered compacts. All the samples 
were sintered at the same temperature of 1800 oC, pressure of 50 Mpa and holding time of 10 mins. 
Sample with 5wt.% graphite has high hardness values of 15.6 GPa because of undissolved graphite 
in the matrix which serve as inclusions in the sintered sample. Since diffusion at the grain-
boundaries has a special contribution towards the proper densification of the sintered compact 
above 1800 oC, therefore there is no appropriate period for heat preservation in the SPS machine 
to densify the compacted powders. This is also one of the major reasons for high relative density 
above 100% in some samples as seen in Fig. 15 (a). There is fluctuation in the hardness trends of 
the sintered composites. Generally, there is complete improvement in the relative density and the 
hardness strength of all the composites compared to the pure titanium nitride as presented in Fig. 
15 (a and b). 
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Figure 15.  Plots of (a) relative density and (b) Micro hardness against graphite contents with 
respect to milling periods. 
4. Conclusion 
Cermet containing TiN + graphite with various graphite/TiN proportions were produced by spark 
plasma sintering. The microstructural behaviors of the developed composite were inspected by the 
means of electron backscattered diffraction/scanning electron microscope and transmission 
electron microscopy. The electron back scattered diffraction maps deliver a clear microstructure 
for a very dense and compacted grains, particularly the distribution of the carbonitride grains and 
the orientation distributions of the grains. The particle size distribution (PSD), Raman 
spectroscopy, XRD and SEM successfully demonstrated the impact of the graphite contents on the 
microstructural behaviors. Also, the combine properties of electron backscattered 
diffraction/scanning electron micrograph, transmission electron microscope uncovered a very 
balanced interface between the cores and rim phase surface. The complete formation of titanium 
carbonitride phase and the graphite had a huge high grain boundary and some straight coherence 
interface. A steady and consistent connection between the carbonitride and the graphite interface 
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was investigated. The relative density of 99.24% was achieved for the best composites with 
TiN+1wt.% graphite for 40 h of milling which is essential for the mechanical properties of the 
sintered compacts. 
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CHAPTER FOUR 
1.0 DISCUSSION OF ISSUES RAISED ON THE PUBLISHED 
ARTICLES 
4.1      The concept of the thesis 
Great efforts have been exerted by researchers in the past towards upgrading titanium nitride -
based cermet and its composites through properties modification by using powder metallurgy 
routes (Rasaki, 2018). Amongst the different production routes and due to enormous properties 
accrued to titanium carbonitride composites and its applications in most engineering industries, 
attention have been diverted to: (i) easeness to regulate or interchange the compositional elements 
in the composites or matrix; (ii) suppress the growth of grains during the process of sintering; and 
(iii) obtain equiaxed microstructures after sintering. Nonetheless, multiwalled carbon nanotubes 
(as nanomaterials) and ultrafine graphite powders (as reinforcements) for titanium nitride matrix 
have the tendency to function in a wide scope of innovative applications. As the utilization of spark 
plasma sintering has a cutting-edge among sintering methods, the choice of sintering parameters 
and the selection of reinforcement materials are important to produce titanium nitride as a ceramic 
matrix composites through enhanced properties. In this thesis, effort has been put in place to 
critically device a possible solution for comprehending the performance of titanium nitride 
composites by reinforcing with carbon based materials in (ultrafine and nano form) utilizing spark 
plasma sintering technique and further examines the systems by which the mechanical properties 
and the microstructure of the final products are enhanced. 
This segment of the thesis elaborates in detail the overall articles and their interrelationship as they 
soundly accomplished the illustrated goals of this investigation. The justification for each 
published article is briefly summarized and their contribution to knowledge in this project.  
4.2         Argument for Research Originality and Contributions to Knowledge 
The extensive literature review made in Article I of this study show that relatively few 
investigations and studies have been reported on titanium nitride and titanium nitride ceramic 
matrix composites using different sintering route. A noteworthy research gap seen in all the 
revealed investigations is the absence of research work on the spark plasma sintering of binderless 
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titanium nitride cermet reinforced with carbon-based materials. This motivated the current study 
reported in this thesis on developing binderless titanium nitride-based composite and providing 
additional understanding on TiN-based composites and methods for improving the mechanical 
properties with the addition of graphite and multiwalled carbon nanotubes utilizing spark plasma 
sintering system. This investigation made available some basic information on newly developed 
TiN-graphite-MWCNTs composites by determined the hardness, fracture toughness, 
microstructures, densifications, and phase changes at room and elevated temperatures. Outlined 
data acquired from well-dissected research information and how they gave answers to the research 
questions are as displayed beneath. 
4.2.1      Dispersion characterization of newly developed binderless titanium carbonitride 
  using Spark Plasma Sintering Technique 
Research findings on the impact of spark plasma sintering on the densification of titanium nitride 
or titanium carbonitride as ceramic matrix composites are reported in Articles II, III, IV and 
article V.  
The findings in Article II provides some basic evidences regarding the techniques used in the 
production of carbon nanotubes/graphite reinforced titanium nitride as CMCs utilizing some 
parameters to enhance the homogenous dispersion of graphite and MWCNTs into the titanium 
nitride to comprehend their exceptional mechanical properties. Notwithstanding, few 
investigations intended to clarify the impact of powder dispersion and the subsequent properties 
of the developed TiN as ceramic matrix composites without establishing the relations or 
connections between them. To comprehend the established properties of the newly developed 
titanium nitride (TiN)-based composite, it is fundamental to appreciate the impact of the method 
and controlling parameters used during the powder processing, to accomplish an improved 
microstructure with incredible mechanical properties has ended up being the basic impetus needed 
for improving a functional materials with great decrease in the production cost. This investigation 
shows the mechano-chemical synthesis and characterization of Ti (C, N)-powder from TiN-
MWCNTs /Graphite. It researches into the effects of milling parameters such as time, speed, 
intervals, and environments on the particle size, phase changes, powder morphology and the ease 
dispersion of the reinforcement in the matrix.  
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This article illustrates the mechano-chemical synthesis of TiCN powders by reinforcing with 
carbonanotubes and graphite, observing the proper milling parameters, which could aid good 
dispersion of carbon nanotubes and graphite in titanium nitride ceramic composites and possibly 
good toughness after sintered. 
Article V clarifies the effect of spark plasma sintering on grain size, the multiple phase and the 
ultrafine size of titanium carbonitride reinforced with graphite. The multiple phases and the 
particle size show that densification rate of titanium carbonitride as nanocomposites during 
sintering can be seen through the phases present in the sintered compacts. The results of the 
sintered compacts show that additions ultrafine graphite as reinforcement in the matrix stands a 
chance of increasing the level of porosity in the overall composites regardless of the sintering 
temperatures. The reshuffling of powder sizes appeared in the underlying peaks are generally 
ascribed to the general movement  or collision of the powders, removal gas and production of 
plasma spark between titanium nitride ceramic matrix composite and supporting powder particles 
because of the use of pressure, the lower and upper punches continue to change position. Usually, 
there is need for initiation energy occurring in between the smaller powder particles before the 
response to any reaction can take place, which has the potentials of speeding the deformation rate 
at constant application of pressure and the heating rate because of the surface area. The higher the 
resistivity of the reinforced ceramic matrix composite particles, and their mechanical hardness, the 
difficult it is for the removal of gases during the sintering process. Moreover, the subsequent peak 
is associated with the confined damage at a connection point between them, while the last stage of 
the sintering shows a more prominent distorting zone for the TiN as a ceramic matrix composites 
CMCs. Increase in the relative density has a relationship with the peak strength and powder 
compactions. 
4.2.2         Microstructural and Phase Evolution of Consolidated Titanium Matrix  
     Composite. 
There are three articles published using the techniques of spark plasma sintering and its sintering 
impacts on the microstructures and the phase identification of sintered titanium nitride involve 
articles III, IV, and V.  
Article III-IV provided detail information on the mechanisms by which the effect of sintering 
time, sintering speed and sintering temperature must favor the microstructural changes and the 
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complete evolution of phases in titanium nitride ceramic matrix composites. The findings in 
Article III provided detailed information on the role of graphite in spark plasma sintered the 
titanium nitride. These includes information on the grain size, phase evolution, the crystal 
orientation and the structures of the developed cermet materials. Significantly, microstructure of 
titanium nitride as ceramic composites showing inner rim, outer rim, rim interface and the bimodal 
equiaxed structures can be acquired through various thermo-mechanical procedures. The major 
mechanisms for a good thermo-mechanical procedure for achieving a desired microstructure are 
as follows; homogenization, distortion in the inter critical phaseand recrystallization stage as well 
as strengthening by annealing at lower temperatures. Compositions and the processing techniques 
are the most important processing steps for determining the nature of any material microstructures. 
Absolutely, grain size, shape and homogenous distribution of particles influence the microstructure 
and crystallographic phases in titanium nitride ceramic matrix composites. There has been some 
significant Impact of sintering temperature and time on the microstructure. Sintering at higher 
temperatures and time will in general advance the development of innovative phases in the sintered 
compacts.  
Paper IV revealed some major differences in the macrostructure of the sintered in termes of weight 
percent graphite and MCNTs in TiN. There are some levels of porosity formed in the composite 
developed. In the end, the microstructure was changed from coarse grain inner rim to a bimodal 
structure after an increase in the weight percent of graphite from 0.5-1.5wt. %. The core rim and 
the outer rim structure brings about the transformation result of the fcc-phase, which demonstrates 
an equiaxial grains in the matrix of titanium nitride strengthened  with the addition of ultrafine 
graphite and multiwalled carbon nanotubes. The composites show some homogenous phases 
throughout the microstructure. Therefore, sintering at a high temperature causes huge diffusion of 
nitrogen and a phase change of TiN to titanium carbonitride TiCN. This could be a result of 
stability in phase from Nitrogen present in TiN. The presentation of multiwalled carbon nanotubes 
and graphite in the titanium nitride matrix is responsible for the upgrade of TiCN composite 
changing to bimodal-structure and equiaxed structures. The addition of TiN powder makes it 
workable to fill potential pore spaces inside the blended powders and are seen along the grain 
boundaries of the TiCN structures and are dispersed consistently in the TiCN composites, which 
shows great interface between the MWCNTs, graphite as reinforcements and the TIN. These 
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microstructural observations show an interface between graphite/MWCNTs and TiN composites 
during the process of spark plasma sintering.  
The details microstructural examination of titanium nitride matrix composite reported in article 
III revealed some basic facts on the kind of microstructure formed and the preparation techniques 
for the processing of binderless titanium carbonitrides. The phase analysis of each diffraction 
peaks of sintered TiN+graphite and TiN+graphite+MWCNTs at the same sintered temperatures 
affirms the presence of TiCN peaks. Though, the patterns of diffraction of TiN without and with 
MWCNTs/graphite at the sintering temperature of 2000 °C and holding time of 10 mins are 
investigated. Nevertheless, the shift in intensity peaks at higher diffraction angle 2θ was noted. 
This could be attributed to the high internal stress created by the samples. Consequently, the 
increase in milling time and the high sintering temperature did not demonstrate any visible changes 
in the diffraction patterns of the sintered samples despite increase in the MWCNTs/graphite in the 
titanium nitride matrix.  X- ray diffraction seems not enough in distinguishing the phases present 
in the sintered composites as detected in the microstructure. In this manner, further investigation 
was carried using electron backscattered diffractionknown as EBSD to explain the microstructural 
phase changes and look at the structural changes of the composites. In any case, the outcomes 
demonstrate that MWCNTs and ultrafine graphite were homogenously dispersed in the composite 
and development of the grains with the crystallographic orientations and directions. All these 
microstructures revealed a good relationship between MWCNTs/ graphite particles and TiN 
composite during the process of spark plasma sintering.  
The results in Article V provided an understanding on additions of graphite and MWCNTs on 
TiN. The carbon phase hindered the full diffusion of atoms, thus lead to reduction in the rate of 
sintering. The grain distributions were quite homogeneous and had a high relative density for all 
the structures of the developed composites. Nonetheless, the grain sizes of the sintered composites 
were all within the range of 3.0 – 15 μm. There is noticeable growth of grains because of 
temperature and holding time. All the sintered samples have a very close lattice parameters for all 
the fcc phase detected. Henceforth, the proximity of a less compacted phase helps the process of 
diffusion which thus advances the grain development. It was revealed that at high temperature the 
inner and the outer core rims phases develop concurrently. At high temperature, the grain boundary 
dislocation begins and grain growth with the increment of the relative densities. The microstructure 
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shows the presence of micro pores on all the sintered samples, some major pores in the neighboring 
areas of coarse TiCN particles. The presence of MWCNTs and ultrafine graphite particles were 
consistently dispersed in the titanium nitride matrix. The scanning electron micrograph of all the 
sintered samples shows that titanium nitride and the reinforcements was well dispersed and 
showing some nano sized particles. The entire microstructures show that increase in densification 
could be attributed to movement of grains and prolonged milling time which gradually prompts 
the reduction in the level of pores. In this manner, an increase in time spent on milling brought 
about grain size improvement. 
In this investigation, there are great contributions to knowledge, particularly in the areas of ceramic 
application for determining the synthesis of titanium nitride composite with little addition of 
MWCNTs and ultrafine graphite as the reinforcements using spark plasma sintering. the choice of 
sintering parameters, like temperature, pressure, heating rate and the soaking time also the choice 
milling parameters such as time, environment, ball to powder ratio and the speed in revolution per 
minutes can as well contributed to good densification and the overall mechanical properties of the 
sintered samples.  
4.2.3    Mechanical behavior of titanium nitride matrix reinforced with MWCNTs/Graphite 
Generally, the mechanical properties of any metallic materials are those properties that can be 
influenced by mechanical forces and applied load. The key parameters that can easily affect the 
mechanical properties of any composite are, the reaction interface between matrix and the and 
reinforcements, nature of the lattice, type and dispersion techniques used for dispersing 
reinforcements, lastly the size of the reinforcing materials. Hardness is the property of a material 
that empowers it to oppose plastic deformation, indentation and rates of penetration. Consequently, 
hardness is significant from engineering design point of view due to wear resistance properties. 
The interfacial bond essentially impacts the direct blending of various particles within the 
materials. The effective distribution of load from matrix down to a well bonded boundary growth 
of materials is usually enhanced by the reinforcing phase in the overall composite. For the most 
part, composites with good interfacial boundaries frequently exhibit high modulus of elasticity. 
Thus, strengthening process in ceramic matrix composites reinforced with different particles 
causes changes in the microstructural evolution and improve the mechanical properties of the 
overall composites.  
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The findings in article III showed the impacts of sintering temperature and milling time on the 
microhardness of the newly developed composites material. However, there is noteworthy 
increment in microhardness of sintered TiN at the same sintering temperature and time compared 
with other developed composites. Meanwhile, the results show that 1 wt.% and 3 wt.% has 
remarkably improved the fracture toughness of the composites but further increase of 5 wt.% 
graphite in the TiN matrix increase the fracture toughness to 8.5 MPa m1/2, which indirectly 
weaken the mechanical properties of the composite. In figure 6 we observed that, Vickers hardness 
increased as the graphite content increase till 3wt.% in TiN and as well the fracture toughness 
improves considerably. The hardness of pure TiN, 1wt.% and 3wt. % Graphite in TiN composites 
sintered at 2000 oC increase from 21 GPa to 23.5 GPa at relative density of 97% to 98% 
respectively.   The fracture toughness of 6.5 MPa m1/2 for 3wt.% graphite in the sintered composite 
was better compared to pure TiN, 1wt. and 5wt. % of graphite composites. 
Article IV examined the role of graphite addition on spark plasma sintered titanium nitride. 
Nonetheless, titanium nitride as a ceramic matrix composite have been constrained because of the 
failure in the mechanical strength even at high temperature due to metallic binders (TiN alloys 
strength weakens as the temperature rises as result of different forms of binders added to improve 
its properties, thus restricting its utilization in the high speed cutting tools industries) and also 
reduce its resistance to wear. These damages have restricted the use of titanium nitride as ceramic 
composites in mechanical applications. Recent studies show that titanium nitride alloys are hardly 
utilized where wear resistance and toughness is required because of brittleness and poor 
tribological properties. These challenges give logical and innovative interest to experts in other to 
develop titanium nitride as ceramic matrix composites with improved mechanical properties 
without using binders. Prevalent properties of ceramic matrix composites (CMCs), for example, 
resistance to wear, mechanical strength and fracture toughness contrasted with the monolithic 
equals are attributed to reinforcing phase. The addition of carbon-based materials into titanium 
nitride alloys can furthermore upgrade the fracture toughness, hardness and stiffness, making 
reinforced titanium nitride matrix composites (TMCs) with the particulate incomparable 
compatible for high speed cutting tools applications. 
Article III and V revealed some fundamental concept on fractography, with very distinct qualities 
of ductile, intergranular and cleavage. The fracture pathway of any material can either be through 
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(within the grains) transgranular or (along the grains) intergranular. In article III the fracture 
morphology of the sintered samples demonstrates both intergranular and transgranular fracture 
with dimples. Although there are few inherent pores situated at the microstructures. Titanium 
nitride composites demonstrate an intergranular surface fracture with little trans-granular and 
dimples which could be a result of good dispersion between the reinforcement and the matrix.  
The findings in article V contributed a significant effect of milling time on the particle size 
distribution (PSD), densification, microstructure and hardness of spark plasma sintered (SPS) TiN 
+ Graphite ceramic binary alloys. Nine samples containing (1, 3, and 5) wt.% graphite in titanium 
nitride matrix for 8, 24 and 40 h of milling were spark plasma sintered at temperatures of 1800 °C 
for holding time of 10 min. All the samples were sintered at 1800 oC in 10 mins. The sample with 
5wt.% graphite in 40 hours has the highest hardness value of 15.5 GPa. The hardness estimation 
resultsshowed that increase in the graphite reinforcement from 1 – 5 wt. % increases the micro 
hardness values of the CMCs from 10.1 to 15.5GPa at the load of 1kg for all composites.Even 
though; increment in hardness could be attributed to elevated hardness properties of graphite used 
as reinforcement. From the theory of Hall-Petch relationship, the high relative density and the size 
of grains of any materials impact the microhardness of sintered materials and the bigger the load 
the material can be conveyed particularly the sample with very high relative density contrasted 
with sintered sample with a high porosity. In this manner, we can conclude that grain size and 
densification behavior assume a huge role in determining the hardness of any sintered composites. 
One of the latest techniques used extensively for evaluating the response of materials to mechanical 
properties is by using Nanoindentation method at a very little scale and nano-metric level to 
investigate the volumes of material. There is a link between some mechanical properties through 
the indentation load displacement data. Some mechanical properties such as nanohardness, elastic 
modulus, and the depth of penetration are easily accomplished through the load displacement 
curve. Some of the data generated from nanoindentation in this project was published in Procedia 
manufacturing journal and presented at reputable international conference. The conference 
research work gives some detail report on the mechanical properties of the metal matrix composite 
by methods for nanoindentation. The focus of these journals was fundamentally on the hardness, 
toughness and elastic modulus. Be that as it may, the as-received TiN ceramic matrix were 
juxtaposed with ad-milled /sintered nanocomposites. Nano indentation being a powerful and latest 
equipment can quantify constantly force against displacement curve after an indentation is applied 
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on a smooth and flat surface of materials, and the information got could be utilized to assess the 
hardness, toughness and elastic modulus of any materials and their mechanical properties. 
Nanoindentation machine has the capacity to measure properties of any materials on an incredibly 
little scale and its ability of in-situ estimating of material properties without altering their 
microstructure and extensively impairing them. From the experiment we noticed that the hardness, 
toughness and elastic modulus of TiN ceramic composites were extraordinarily enhanced as the 
addition of various weight percent levels of MWCNTs and ultrafine graphite were made 
appropriately. The load against displacement graph, depends mainly on the properties of the 
materials, the applied force and the environment conditions of the materials being tested. It is 
generally known that the graph of load against displacement varies from one material to another. 
In this investigation we noticed that the behaviors of the developed composites follow an “elastic 
to plastic” pattern. The slight shift in the trends of the curves in the left direction is an indication 
of MWCNTs/Graphite reinforcement which serve as lubricantsand reduce the displacement curve 
as a result of strengthening and as well load sharing of the developed composites.  
All the sintered samples show some decrease in the maximum depth as the graphite/ multiwalled 
carbon nanotube increases and later the slope of the load and unloading curve begins to. The 
increase in the modulus is attributed to stiffness and the slope of unloading and elastic modulus. 
The complex response of the developed composite to strain and the elasticity is due to loading 
aspect of the curve. The elastic recovery is attributed to unloading aspect of the load penetration 
curve. The elastic ‘strain to failure’ of any materials are generally due to elastic behavior, the 
modulus of elasticity and the hardness obtained, which is a clear proof for assessing the elastic 
limit of a surface or the contact area and tis indirectly have some significant impact on the 
tribological properties of materials. 
Additions of graphite transformed TiN composites microstructure from intra-granular to a trans-
granular shape with all the fine dimples as shown in the fracture morphology of the developed 
composites. It has been documented that the more the dimples in the fracture surface the more 
ductile the materials. The proximity of fine dimples in the sintered composites the more the 
cohesive force binding the grains and the higher the strength of the grain within the materials 
structures. The information revealed on the mechanical and microstructural behavior of TiN 
reinforced with graphite and multiwalled carbon nanotube in articles II, III, IV and V shows 
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significant impact of spark plasma sintering and hence, a noteworthy commitment to knowledge 
on titanium nitride as ceramic matrix composites. 
4.3 CONCLUSION 
In this investigation, spark plasma sintering as a noble and unique technology was effectively used 
for consolidation of titanium nitride ceramic matrix composites strengthened with the distinctive 
addition of multiwalled carbon nanotube and ultrafine graphite content. The impact of sintering 
temperature and sintering time on the milling time, densification behaviour, microstructural 
evolution, fracture toughness, microhardness, phase evolution both at room and high temperature 
developed by spark plasma sintering has been distinguished and discussed. Below are the major 
conclusions drawn from the study; 
❖ Nanosized TiCN powders were obtained by high-energy ball milling processing of TiN-1 
% wt. graphite, TiN-3 % wt. Graphite and 5 %wt. graphite blend for long processing time 
of 16 h. Six sorts of TiN-based powders with graphite were fabricated. Impact of graphite 
on the TiN Matrix was investigated by means of SEM, XRD and TEM. The particles size 
is seen to diminish in size with the ball milling process time. The sharp peak intensity of 
2 = 29o and 35o was maintained for TiN and TiCN phases as seen in all the milled powders 
as the milling time increases. A shift in peak intensity of TiCN was observed for the 
Turbula mixed composite powders at 4 wt. % graphite and MWCNTs. As the milling time 
increases to 16 h, the strain initiated on the powders also increases. 
❖ Titanium – graphite composites fabricated by Spark plasma sintering at 2000 oC. The pure 
TiN and 1wt. % graphite TiN composites displayed relative densities of 96.7 % and 97 % 
respectively. A completely dense TiN– 3wt.% graphite composites of 98 % were achieved 
at the same sintering temperature of 2000 oC. The TiN– 1wt.% graphite composite 
displayed the highest densification rate amid the milled samples. The TiN– 3wt.% graphite 
composite sintered at 2000 oC have the highest hardness with fracture toughness of 23.5 
GPa and 6.5 MPa m1/2 respectively.  The Spark plasma sintering at sintering temperature 
of 2000 oC can be used to sinter a completely densified TiN – Graphite composites, and 
results in the highest mechanical properties if the weight percent of graphite is carefully 
controlled. 
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❖ Mechanical alloying of TiN with multiwalled carbon nanotube and graphite powder 
resulted in afine dispersion within the titanium nitride alloy powder. TiN sintered at 2000 
oC/30 min exhibited the highest density of 99.00%. However, the overall apparent densities 
for thecomposites were between 98.00% and 99.00% While TiN-1wt.% graphite sintered, 
sample reached 99% theoretical density when sintered at 2000 oC. Titanium nitride alloys 
withMWCNTs/ graphite particles were sintered by the spark plasma sintering method to 
find a suitable sintering temperature and most of the samples achieved a full densification. 
❖ It was also discovered that 1.0 wt. % graphite composite possessed superior hardness and 
fracture toughness. The maximum average Vickers microhardness and toughness value 
were 24.32GPa at Hv1 and 45 ± 3.4 J∙m−2, correspondingly, which is attributed to relative 
more amounts of Ti (C0.9, N0.1) - 1.0 wt. % graphite   solid solution and close-grained 
continuous structure. 
❖ It was discovered that porosity reduces and subsequently enhanced the compositional 
homogenization and microstructure as graphite and MWCNTs increase which was 
attributed to self- lubricity properties of the reinforcements. 
❖ The microstructural behaviors of the developed composite were inspected by the means of 
electron backscattered diffraction / scanning electron microscope and transmission electron 
microscopy. The electron back scattered diffraction maps deliver a clear microstructure for 
a very dense and compacted grains, particularly the distribution of the carbonitride grains 
and the orientation distributions of the grains. The particle size distribution (PSD), Raman 
spectroscopy, X-ray diffractometer and Scanning electron micrograph were successfully 
demonstrated the effect of the graphite contents on the microstructural behaviors. Also, the 
combine properties of electron backscattered diffraction/scanning electron micrograph, 
transmission electron microscope uncovered a very balanced interface between the cores 
and rim phase surface. The complete formation of titanium carbonitride phase and the 
graphite had a huge high grain boundary and some straight coherence interface. A steady 
and consistent connection between the carbonitride and the graphite interface was 
investigated. The relative density of 99.24% was achieved for the best composites with 
TiN+1wt.% graphite for 40 h of milling which is essential for the mechanical properties of 
the sintered compacts. 
 
   
195 
 
4.4 Recommendation 
The binderless TiCN developed from this investigation confirmed the significance of multiwalled 
carbon nanotube/graphite particles as reinforcement in the production of TiN based composites 
and serve as an eye opener for enhancement in its strength, fracture toughness and hardness 
utilizing spark plasma sintering route. Hence, production of titanium nitride as ceramic matrix 
composites could be profitable for machining, shaping, drilling etc. that required high strength for 
example, high speed cutting tools industries and other alien manufacturing industry where high 
temperature, high toughness and strength are needed. 
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